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Wc lmvc 3Hcasurcd  [0]] 63 Iml mld [Si 1 I] 3G pIJL in the ccntrd 44” (700 pc)

of tllc starburst  galaxy M82. The lulllillosities  ill tllcsc trmsitio]ls  are each

w 0.1’% of tllc bolcnllctjric.  lumixlosity.  Wc xnodcl  the [0 1] in M82 as arising

frolll  Warlll  llcutral gas photodissociatd  t)y F’U]T flux frolll  011 stars,  while

most of the [Si 11] enlissim  arises  from associated H 1] regions.  !l’he gas phase

Si/11 almnhlcc  ratio is found to k WI.5 x 10--501 al)out  3 tilllcs  greater thwl

that seen ill galactic Xlcbulae, wl]erc  silicon is JIlostly  boul~tl  u]) ill grains. The

euriclmlcntl  is prolmbly  causal by tllc partial dest ruc.tioll  of silicat,c grains by

fZiSt  stl])c:lllc)i~tic-(lril~  c]l S11OCI{S.

~’lIc [() 1] 63 /tIII WJ(]. {,llc [Si ]1] 35 j~m slwctrul]l l.)oth S]]OW  MI asylllulctric

lillc profile illIlistillgllisllttl~lc:  iu sllapc frcnll those  of the [() Ill] 52 and 88

~LIll a)l(l  [N i 11] 57 ~L]]I lines IIlcasurd  previously in M 82. WC detect two

distinct vclocit.y colllpollcllts,  which wc attribute 10 elnissioll  froxll two regiolls

associated with tllc Hlolecular  gas C,ollc.elltratiolls  located 190 l)c ( 1 2“ ) 011

cilllcr  si~lc  of tllc I] UCICUS.

TITC sc]~tira{lely  IIlo(lcl  tllc {Iwo cullissiolk  10I)CS ~ind derive tl)c cloud cOll(li-

tiolls ill illcsc  two rcgiolls. ~’he derived  l)ropcrlicx  su~,gest  tllatf the clouds

ill these 101.NS MC small,  rc,l  W0.4- 1.0 pc, l]avc warm, TN 230 K, neutral  gas

surfac(’s,  an(l am cc)llc(:llt,rat,c:{l  with volu]]]c  flllillg  Fdctors  of N O. 1 and arm

Iillillg factors of w 7--20. ‘l’ogctjllcr,  tllc two 101JC:S,  cad of (littlllctcr  w125 pc

(N 8“) arc c.l,ti]tictcliz(:tl  by a large ,]u,~~l,cr,  w 3 x lo~’, of ~ GooAI@  Clou(ls

~vii,ll  su]f<t,cc gas tl(:llsit,ies  of ~ 104 CII1 - 3 wld wit]l prcssult’s  of 1’/1; - 3 x 106
.
‘] 1{, illlllllillatml  l)y I“LJV fluxes  N 10:i tilllcs  t llc aveIa~t~ l(jczil illtcrstcllarcll)-

wiluc foI III(J Milky l\7ay. ‘1’llcsf:  lligllly  l>rtssurizctl  C1OU(1S  ale’ 11(:1(1  ill pressure

cqlli]il)rilllll  l)y tllv surroull(lillg 11 1 I rcgiolls  a]l(l l,l]c 1101 illlcrcloud  IIlmliuljl.

‘1’llt’  c]ou(ls  cwk]lot  lo)l~ slls{aill  t,llc  IlucleaI starl)llrst, ‘J’l]c illt(vlsc  }“UV fiuxcs

llavc alrca(ly  l>llc)t,cl(lissc)  c.iatl(;(l  Etl)out 1 0% of tllc IHolcculal  gas, al]d tllc colM-

1 )illc(l cI1”cc.Is  of’ fl;iglllvllt)atlic)ll,  l~llolc)iol)i~tttic)ll  a] ld IJllc){cj(lissoci;itlic)ll  causccl
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1 )y lC ]I]{wivc  stars will sw-m destroy the ]Iatd ]I101CKWIW mlviro]]mmt,.

galaxies: abuIl&iJIces  - galaxies: individual (M82) galaxies: ISM

- galaxies: Iluclei galaxies: starl)urst  - illfrarcd:  g;daxies
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111 the cc:ntra]  rcgiom,  tllc gas responds to the presence  of I)otl]  W1 iImdI,R$;  “

1a]ld an} ‘outer-l],]] by forming a ring of material ai radii  bctmwm tile two II,R,s. X
,’

Ill M 82, at radii witllill  160 pc (10”), a rillg of ionid gas $ms }Jccxl  ~c.elltly been ‘-,,

]uappcd with high spatial ;HIcI sl)cctral resolution ill observations of llr~ (I,arkill  d

d. 1994) and [Nc 1]] 12.8 pm (Adltermann  & ],acy 1995).

The? high c.oncentra.fions  of nlolccular  gas give rise to a nigh star formation

wld Supc!lllova  rates. I1ltc:rfc:rcJxllctric  radio observations in the ccmtrd region  indi-

cate that a supcmlova  occurs about every 10-20 years  (Mux]ow ct :il. 1994, Ulvdd

& Antonucc.i  1994, va]l l]urcm & Greenhouse 1994) Nnd suggest aII morlnous  star-

burst in which 106 early type stars (A4 N 10 Mo) wcm formed ill il]c last 1 – 2 x 107

years. ‘J’hcsc  stars  provide: the bulk of the continuum luminosity Icradiatcd  iu the IR

I)y tllc dust. Assmllillg a Miller-Scalo IMP (Miller 1: Scalo  1979), tllc currcmt,  rate

of supernovae al]cl tllc illfrwcd  lmniuosity WC}] illlplj’ a sta forlllation rate of 1 hl~l

y~-” 1, wllic.11 WOU1(l  dc])letc t,lle obsavd  IIlolec.ular  gas ill 2 x 108 y(wrs (lICIICC, a “star-

lmrst” ). ‘1’hc llig]l supcrIJova  rate fuels a hiconicd  ~vijld of vdocity N 300 kill S--l

merging Ilorulal to t]lc tLHllS (Ilcckmw, ANUUS,  & Milcy 1990; Chevalier k Clcgg

198 G). ‘1’llc IJV a]l(l SIIOC1{  ]Icatil]g  a]l(] iollixtitiou  ii 0111 t]l(wc  stars  a]ld supcrl]owc

])lA{C tl]~  O1)SCUIC(l  CCIllltil rcgioll Of M82 (Av : 2U - :10; scc 1’uxl(’~J  1991, hl~l,~od  ~t

al. 1993) IL ])rilllc source  fol fal-illfrarcxl  (l’l R) fil]c stl uct,urc  clllissioll.  SuclI clllissioll

is Col)iously  111’o(lucccl  ill S] IOC1<S (Ilollmllxtcll  &, M C](CC  1989), l>llotc)(lissociati~)ll  rc-

~icnls (1’1)1{s) (rl’icluls & 1 [ollen}mcll  198& (’1’11), II(,llc)llmcl], T:ik;illashi,  & ‘1’iclclls
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1990 (II TT)),  an(l 1111 lwgiolls (I{,ubill Ct al. 1988). Ol)smWtioIJs  at I“lli W~VdCIJ@S

allow us to probe  conditions within the opaque dust~’  cents

‘l’lie mid- and fw--ilJfrard  lines which llavc bmm measud  ill M82 to date arc

listed ill Table 1, MI(1 ‘l’able 2 provides a smIkInary  of additional olxmwatiom  of tllc

IIcutlal  and lllol(!dal’ gas. me obselvatiolJ.s  of tllc 1111 gas CWJ be sulllllmrizcd as

follows. 13ccA et al. (1 978) ma}qxxl  the cmtral  region ill [Nc I]] 13 pm, and fouxld

the prc!scxJcc  of non-circular  ]Ilotioxls  ill the iolJizd  $\a.s  an(l aIJ ap])loximately  solar

al)ulI&IIc. e for ncoxJ. Sillc.e IIU}lI  is I1OL cxpded to IJ(: signifiemltly  ilJc.orporated  into

gyaim, this gas plmsc IIlcasurelllmlt  indicates nearly solar nletal]icitics ill tile caltral

regions of M82 (I, CVZUJ  & l’rice 1987; Acjlkr]Im~lIJ & I.acy 199[)). ]Iy colllparillg tllc

[S ]11] 19, 33 ~~ln  lilms w~d [0 ]]1] L2, 88 ~~m li,~w+,  ll~,uck d d. (1984)  and I)ufly d

al. ( 1987) o})t,aind  a HleaIJ.  electron density  for the c(mtlral  rqgiox~ of ]Jc w 200 Cm-a,

and ruld out the prcscmce  of a significant higl)er density (n(!z] 03 c.In -  ~) Colllpomllt.

‘1’llc {Ic(lucc(l  {,IIc]’]lJA  pressure ilJ tile 11 11 regiolJs  is almut  1~/k ~ 4 X 106 cull-  3 1{,

tllrcc orders  of Illagllitudc lligllcr tlllim  the avmagc  local (MilkJ Way) illterstdlar

vduc,  l)ut, silllilar  to t,llc  prcssnms ill M i l k y  Way 11 ] i rcgiolls Ilcar 011 stars.  ‘1’lle

lJigll rcsolut,iol]  [0 ]]]] L2, 88 ~~Hl zuld [N ]]1] 57 ~(]]] pr~jfilcs of” l)ufl~ et al. (1987) S11OW

viliuiilly  i(lellticiil  lillc s]lapcs witl J a prolllillellt  ]jcak  at WI 30 kIJL s- 1 , I)luc-slliftcxl

1)~ w 90 lilll S- 1 wit]] lvsl~t:c,t,  to {,llc systclllic velociifl’  of M 82. 1 )(1(1’Y  c{ al. suggmie(l

tll:itl t$llc’ ])rofilcs  owc t,lleil  cllaractmistic  sllal~c to tlJ( two 10 ~{111 1101 spots (e.g., see

‘1’clesco  & Gczari  1 992) locatjcxl  0)] Cilllcr si(le  of tfl](  llUCICUS. ‘1’]JC’~  (lc(lucc(l  a iotal
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iollixc{l  gas xliass of 4 x 107 MG). ‘1’lle lneasurc(l  [0 111] 52 ~1111/l~rO ratio illdicatlcxl  a

Ilmximuln  stellar dlectivc  tlcnlpcra.tum  of 35,000 K. ‘1’11(:  ElrO lllulinosity indicatm  a

I,yllmll  continuum luminosity of w 6 X 1053 photons s- 1 in tile nucleus  (cf. Czwlstrom

and I{ronhg  1991), mom than twice  that of the entire  Milky Way galaxy (Gdxw

mid Mczgcr  1983), Roughly 105 lnassive 0 stars  are required to provi(lc tile ]Iccx:ssary

excitation in the central 400 pc of M 82.

Previous obscrvatio]m of the FIR, allission  frol) L gas i]) t,llc cmltral region have

led to some collfusicnl  about its distril.)utiol].  11] a stu(iy of tllc [0 II 1] L2, 88 ~llli, [01]

63, 146 /fill, Wl(l [C II] IW3 /4111 lines, I,ugtcu et d, (1986)  dmollll)oscd  tllc lillc profiles

into two coml)onc]lts: a l.)road  fcatum spanning the tmtirc 350 kill s- 1 ra]qy: of the

line, ancl the 130 la]] s- ] feature. ~’llc )larrow fcatluw had fiust Lccll  obscrvd  ill

[01] 631,1,1 by Watso*l  ct a]. (1984), who suggystd  ; possil,]c sl,ock origil~.  l,ugtc,~

d al. found tllc’ [C I 1] emission spatially cxtclldcd  aloILg the ]llti,jol MIC1 Illillor  axes,

all(l collclu(lcx~  tlllat,  t,llc Muc-shiftd  feature  origillat,c(l  frolll  a location within 10” of

the Iluclclls. TIJcy  Suggcsilcxl  tl]atl l,lIc ullissiou Illigl [t k associate(l  with tllc SNR

(41.9+W3). A m]]arkablc  result,  of the I,ugtcm  d, al. study was that tllc [0 1] 63 /1111

l)rofilc  sllow(’(1  sigllificalltf cmissicm  at ]Icp;ativc  ( all(l tllcrcfol(: 1 ~cclllilir)  vclociticw,

[~) 1] ~l,,issi~)l)  ~tt, t,llcs(? peculi~~lScaquist,  11[’11,  & IIigll(ll (198{))  sjjccul:itwl tliatl  tll(’ ,

vc>lc)~i{,i(~s  IIlii,}r  I)c (Illf’ 10 slloCl<-11(’atC(l  11( ’lltl’~1  ~;iiS. llowc’vcv,  ill ll)is  \v()]k,  W( fill(l ]10

sip;lli[ictll}i,  [t) 1] clllissioll  at negative  vcloc,iiics  and iv(> propose  ti 1)1)1{  or 11 II rcgioll

origin  fin all of t,llc 01 E-WIWN1  cl~lissioll. Assulliillg a 1’1)1{  oligill foI tl]c [()]] a]]d [C II]
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3 i ]1(: pl’cssule toClllissioll,  IJugt,mi  et, al. fou]]d tllc atlolllic density to I)e 2x 104 CIIL”  ,

‘:~K tile atolllic.  gas volulll(:  fillillg  factors to bc w 10--3 ilil)C P/1{~  2 - 6  x  lo~ Clll ,

tllc cult,rd  kiloparscc. , a])d tllc llcutrd  gas residing i]] small clouds lCSS than a fcw pc

in size.

III $2 wc prcscmt  ncw ol)scmmtions  of’ tile [0 1] 63.184 ~1]])  line and the

published dc:kcticm  of tllc [Si ] 1] 34.814  ~tIIl line fro] 11 M82 (WC IIotc, however,

first

that

1’. Graf (1988) lists a dckc.tioll  of [Si 1]] in M82 with a flux c.onsistcmt  with ours in

his tllcsis).  WC a(ldrcss t,l]c p/Lysical miqitt of’ tllc 0 Ilissiou  ill ~3 a]ld co]lcludc  that

l’DIts arc! rcsl)ollsil)lc for tllc [0 ]] aIId [C 11] elllissioll, while 11 I I 1(’gio]ls arc probably

rcslwnsiblc  for lllost of the [Si II] 35 pm cmissicm. In ~4 wc emminc  the ddailed

spatial oriqi?t  of I,llc clllissio]l  wit,llill  tllc cmltjral rcp,io]l, ‘1’0 do this,  wc usc lllulti-

apcrturc  spcc.tra  (54. 1 ) a,]ld  killc~lm,tic  arguulcnt,  s ($4.2) to cwllstrain  tllc locaticnl

of t)llc cmissioll. l-Jsillg the [0 I], [C ]1], CO, M]{l Flli ccmtinuuni  lllcas~~rc:lIlcllts,  wc

dctlcmllillc  ill ~b t,llc  plLy.  szcal  co?ditio?~s  of tllc WM.1]  L interstdlar gas and Illdccular

clou(ls  ill t,llc  ccllt, ral 400 pc. of M82. ~Tc sullllllarizc  our results  ill ~6.

2. ODSEIWA’TIONS ANI) MODEL INIIEPENI)I’;NT  RESULTS
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tllc rcx-slliftd si(lc of t,llc observed pdilcs  (see X’igurc  1) WIICIC tllc a})sorption at

6J0 km s’-] is nearly  IOOYO. The [Si 11] line was obscrvd with Imtll  34” zmd 44” apcr-

turc!s;  the atmlospllcric  absorption is less than l% ac.10ss this wavcbmd.  The details

of the data rc{luctioll arc givcll i]) Appcnlclix  A, aIld illvolvc wavelcvlgtll  cdil.maticm,

ilux calibrdliou,  MI(1 rcmmd  of systellmtic  dsets. lkxluccxl  [() 1] ~nd [Si 11] spectra

are shovm togdhcr ill Figure 2 where the silllilarity of the two llrofilcs  is evident.

111 tllcsc spectra, tllc ovcrlappinp;  data fronl difi’crcmt  (:c.llcllc!  grating sct,tillgs produce

nonmlifcm])ly  spticcxl  points, cacll wit,ll  a spectral msolutiml  of 106 1(I11 s- ] for [0 1]

] for [Si I 1]. Tl]c  error bars s}lown ale 1 a statist;icd  values.all(l 81 1{111 s–

The observed liuc! and continuum fluxes a)ld intcmitjics  a]ld the derived lu-

lllillositim  are givcm ill ‘J’al)lc  3, Fro)]l  the lillc lUIII illositics,  wc call {lcrivc several

lllo(lcl-il~[lc:  j]cll(lclll,  results, No significant  [() ]] 63 ~I]iI clllissioll  c;ill origillatc:  ill 11 II

(2.1)
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WIICIT  :L() is tllc gas pllasc oxygcxl abul]dallce ml at iw: to llydrogc] 1.

ljikcwisc, regardless  of tile origin  of tllc [Si I 1] emission, wc can estimate the

IIlilliluul}l total associated gas mass from the [Si 11] lulnimsity  by assuming L’l’FJ,  and

I)y assumillg that till the silicon in singly ionized forlll  and T >>413 I{:

(2.2)

WllmC ~~si is tile gas phaSC  al)llllClall  CC of silicoxl. M’e shall arglle  below that [Si11]

likely origillatc!s ill 1111 regicnls,  so kf}~ derived frwu tllc silic.oll  refers to tile minillluln

ionized H 11 gas HEW.

]Vith the l]linillld  assuml)tiom  of a solar C/0 almnclancc  ratio,  optically thin

elllissioll,  and spatia]l.  y c.oincidmt [C I 1] and [0 1] r(:gionsj  a telll]wraturc estimate

can bc! derived from the flux ratio [C I]] lb8 j(I]l/[0 ]] 63 p]n- 1.1. For ncutrd  gas

de)lsities  ill tllc range IIW 1 OS --- lo~  Cll”l ‘ - 3, this  rat io im})lics  ‘.I’V 200- LOO 1< (see

Figure 3 of q’]1).  ‘J’llcsc gas tcwlpcraturcs  alltl dcvusiticw  arc sill) ilar to CICIISC PDI{s

a,ssoc.iat,d  wit,ll  massive stars ill tile Milky M~~iy Galaxy (IIollcIIl)aclI  & Tidcms 1995).

3. PHYSICA.L OR>IGIN OF THE [0 1] 63 pm, [C ]1] 158 /~n-1, A N D

[Si II] 35 l,m EMISSION IN M 8 2
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1989;  11’1’’1’; ]Iurt,cm, IIollcnlxdl  &rJ’idcns  1990).  II] tl]is sectioll, we argue that in tllc

celltrd 400 pc of M82 tllc [0 ]] and lnost of the [C ]]] cmissicnl  originates in PDRs.

1111 regicms may, however, be rmponsible  for a majol  fraction of the [Si11] emission

and a minor component of the [(; 11] emission.

3.1 .  SJIock  Wiiws fr”o~n  Stellar  Winclis Viuwus 1“’DRs

Although winds frolll  early type stars  or pmtostms  likely gcnleratc  Ilumerous

shocks ill tllc celltra,l  kpc of M 82, a simple energy  argumm]t delllollstratcs tlmt tllc

resultant fine structure luminosity from these SIIOCIW

clllissioll  from I’I)Rs.  COIJ sidcr  a]l caxly type star

mdiatcxl  ill its lifctil]lc is 1053 IJfitly ergs,  WIICI-C  IJ~ =

is imignific.  al)t compared to the

wi th  lux]lillosity  1,: tllc mlcrgy

lJ/lo~  lJ@ MI(I ty =.t/lo7  ycal-s

is t,lie  l~lai]l sequc!llc.c  lifetiule. Typically, for OD stars,  I,5t7 N] (rJ’utukov  & KIwgcl

1981). ‘I’ll S11OW tlmt in 1’1)1{s powered })y OH stars,  ( N 10
- ~ -- 1~- 2 c)f this radiated

ldmlctric  cl]crgy is c.cnlvcrt,ed  to [C 11] 158 j/111  + [() 1] 63 ~[111 li]kc cmlissicnl  if the

stellar ra(lifttioll  is nl)sor])c(l  ljy tlust. Thus, tjllc mlmgy Rl)l)li  r;idiatcxl  in these lines

over tfllc lifc!tillle  of the stm is

is

(3.2)
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wherc M is the  II1:LSS 10ss late  and vW is tllc wind velocity. Assull)illg  that tile star

loses  approximately equal amounts of mass ill the protostellar, IIlail,-scqualce,  and

post IIla.ill-scqllc!]lcc:  (supergiwlt)  phases, tlml  tlm ellergetics  arc dolllillated Ly the

l]laill-scqllellcc:  phase bccausc  of the ccmsidcrably  lJ igher  will(l spds durillg this

pllasc.  Thus,

IIW ~- 104gMej\~,8  CI~S, (3.3)

W1lCN Mcj is tile Imi,ss  c:~cctd ill solar nlasses  during tllc l~laill-sccl~l(*llcc;  ]}l]asc m]d VW8

is tllc will[l velocity ill units of 1000 kill s– ]. ‘1’ypicdly, for 011 stars, Mejv~,8  w 1

(van IIUICD l!N). T],us, even if all the wi*,d  mccl,anicd  cmmp,y were radiated i*~

t h e  s]]oc.ks  via [C ]]] 158 /fIi~,  [0 ]] 63 ~f]]l, a]lcl [Si ]1] 35 ~~11], tile 1)1)1{  elllissioll  still

domilmtcs tllc!  shock cnllission  by a factor of ordw  10--100. 111 fact, 0111 y a fraction of

order 10–2v~~ of tllc~ wind energy is racliatcd in these  lines (SCC IIolle]lbac.h  & MCKCC

1989). q’bus, for a giveu early  type star,  tllc ratio of l,lIC! 1}1 )Ii c])lission  to the shock

clllissioll  (ill [C, Ii], [O l], a)]d [Si 11]) is of ord(v

(3.4)

average(l  over lIIIC lifd,illlc of tllc star, wllcrc tllc facto]  ill parellifllesis  is of or(ler  ullity.

Ol)scrvzitiolls  of C)rioll A, wllcre  both sl]ocks  ~ Vl?crllc:r  c1 al. 1 9 8 4 )  aIId P] )R

clllissioll  (Stacey c{ al. 1 993) l]avc 1.)CC1l Ol)wlw(l, I)car ou{ tlIt.  (Iolllillallcc  of tllc

1’1)1/ COlll])ollcmt. ‘1’l)c ol)s(’1’ve(l  1’1)1{ lulllillosit,y  ill [(~ 11] 158 Illtll [~) 1] 63 11)11-I  [Si II]
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iiVClagd  over  t,lIc 107 ycw ljfdjjljlc  of tllc I’D]{  bccolIlcS lIluc.h l a r g e r  (sw 11(]. 3 . 4 ) .

3.2 .  Shocks and x-.kl,y$ from ,$ U~XTlJOWi(2  \kTSllS  ]’r)h’S

Although stellar winds arc cncrgd idly unfavorable, wc call] lot rule out supm-

)Iova sl]ock emission or mnissiou  from gas llcatd  by X-rays flwlu supernovae shocks

with WL mlmgy argulnmlt. Tllc  killctic.  c)lcrgy ill t] (e supcr)]ova  of MI 011 star is

E=- 1051 11~]  Crgs, Wllcrc lt~] is of Or(]CX  uIlity. !l’11  e flact icm of tl) at cIlcrgy radiatd

by tllc fine structure lines in associa,tml  shocks is of’ order 0.1 v;” 1, wllcrc V7 is the

critical velocity, ill units of 100 kxn s--l, at which the,  supernova S11OC1I  lmxmcs ra-

diative!  (Ilollcllbacll  &, McI(cc! 1989).  TIIUS,  OVCI tllc lifctil)lc of all ear ly  type star,

tllc rat,io of iil]c structure cnmgy mllittcd  I)y PT)Rs to fillc structl~lc  mlcrgy clllittcd

by shocks driven by tllc fillal supernova of tllc star is

6_..31/:)t7v71{3’1)1{  -_ :.
lcs~ ‘- E:,] ‘

(3.5)

‘1’llis  factor is suflic.imltlly  C1OSC to mlity  thtitj sulml](  )va SIIOCI{S  cttllllot  Ije rulcxl  out

as tllc>  (Iolllillallt  origin of tllc fil)c structure clllissi(}ll. 1 1 1  facl,  a  somewhat  Illol’c
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IJikcwise,  supc~rllovae  ~c)lcrally Collvcril  a big] 1 fraction of tl)cir 1051 ergs of

killctic energy into X-rays, and the resulting X-rays pcndmte  surroulldixlg  neutral

gas all(l ll~ai tile gas wit]] ~ffi~i~:llcies  of’ OIClCI O. I -1.0 (SCC 1 lraillc & Woods 1990).

Tllelefolw, Wc C.[ulllot rule out shocks or x-rays  froIn sllpcrl]ovae  Wi{,ll si]]lple  cnlergdic

algulllellts  a]ld WC Illus{, turn Lo other disc. rilllilla,nts  l)ctwcell  tllcsc llcating sources

and PI)R heating. WC discuss four such disc,  rilllillants  below.

]] olleIlbaelJ  & Mc]{w ( 1989) give diaglJostics  wllic]l  arc lJell )ful ill distinguishi-

ng betwc!cm  slJocks,  1’1)1{s,  aIld X-ray heated  gas. !l’lJc first i]]volvcs  tile ratio  of [0 I]

63 ~LII1/[C  11] 1L8 ~~m a]ld tile al)solute  int,elJsity  of [0 ]] 63 ~(D1.  l{at,ios  ~10 along

-2 >--1 sr- 1wit,ll al)solutc [ ( )  1 ]  illtcnlsities  ~10-”4  crg C.JU J , arc c.lltiltict,cristic  of shock

mlission,  whereas l-)l)l{s wit,ll  lligll absolute [0 1] illtcllsitics  produce ratios less  thwl

10. ‘1’hese  illtelJsities  arc constrained ill this IJLaIlucr  1 )ecausc:  slloc]is  tend to produce

lC’SS CdUIIIIl  dCIJSit~  Of Wal”lll Lit,OllliC ‘&+5 than  I’]-)Ib  01 X. lay  ]Jdd gaS.  ThCl’C-

folc shocks lllUSt  ]Iav(! lJiglK:l”  tclll]mldul’c!s  all(l dmlsitics  th?JIJ  l’l)li s 01 x-lay hc’atc!(l

gas 10 producw  equivalcllt(  [0 1] intensity. At nigh d(msitics  aIltl tellll)criitllrcs,  [0]]

63 ~(]]1/[C  ]1] 158 ~/]]J  >10. 111 M82 a relatively low [0 ]]/[(;  II] ratio  O{ w 1 is ol)scrvcxl

over tllc clltirc ccvltral (- ’700 pc) rcgicnl, in(licatillg  a 1}1-)1{  m X-lay licatcxl origin

for the [C) 1] clllissioll. All i{lcvltical a.rgu]]lmi,  illlplics  t lIC [Si II] c]~lissioll  also do(~s  ]Iot

01’i$!!illat,C  fJ’0111  S] J()(’]i S.

A SCCC)I1(l  (Iiagllostic  l)ct,wccll  l’l)lts, X-ray llciitc~d  gas, mld shocks  is tllc ratio

([C 11] 1L8 /(11,-1  [()1] 63 /1111)/  tottil 11/ lulllilJt,sity. As (liscussml  l)y ‘I’ll, IIolle]]lmc]l
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(1990), and Wolfirc, Ticlmls, &, Ilollc]lbdl (1 990, lLcrcaftcI  l\7rJ’11 ), this ratio is

tllmndic.ally prdictcd  aIld obscrvd  to k of older  10 3 to 10“ z ill 1’I)Rs illullliuatcxl

by 01) stars. IIowcvcr, ill shocks this ratio is l~llccJllstlraillc:cl  al](l dcpcuds  on such

Varial)lcs  as tllc shock velocity w]d presllock  dmlsity,  I,ikcwisc,  ill X-ray llcatd gas,

MaJolIcy  d al. ( 199L) iin(l a large rallgc for illis ratio, dcpcll(liu~;  011 tllc X ray flux

and gas dcmsity,  ‘J’hcm~fcm:,  tllc obsmvation in M&? of a ratio N 2 x 10-”3 (see Tables  2

a]ld 3) is II1OM:  llatudly explai)lcd with a PI)]{ origin  for the [C ]]] a]ld [0 ]] emissiou.

A third forlll  of cvidcucc  for a Pl)lt ori~;ill of the [C I]] lillc ill M82 is givml l)y

the ol.)scrvatiolls  of Crtiwford  ct d. ( 1985) of tl]c co] rclatioll  of’ [(; 11] 158 ~JIIl to C()

(J= 1- }0) towtmls  rcgiolls (illclu(lillg tl]c nuc]cus of M82) of IIip;l) I’IJV fields aIId the

Subscqucllt  ixltfcrl>rc:tlatic)ll  of tllc condatioll  by Wolfile,  Ilollmll)acll  & ‘1’idcxls  (1 989)

all(l Staccy d al. ( 1991 ). These groups modeled tile c.orl dalioll ill tmmls  of FUV

illmllillatd  Illolcc.ular  clouds ill wllicll  tllc [C I 1] 158 ~1111 is 1 )roduccxl  IIcar t,llc  surfac,c

a]l(l  t,llc C() (,J=.  1- }0) solllcwllat dccpcr  illt,o tllc c1(Ju(l. ‘J’ll(? fact tfllat  M 82 follows

tllc Sallle corrcliitiol]  as well-stu(licxl I)I)R rcgio]ls in our Own galaxy lends support to

tile supposition that I]]IIc.1]  of tllc [C ]1] 158 1(111 fi]]e siructule  elllissioll  in M82 arises

l)rctlc)lllil)ttlltl~~ ill tllc 1‘1 )1{ surfaces of a larg~ CIISC]I1l  )lc of ]llol(cular  c.1ou(1s.

l{’illally, {Ille close  corrvlatiol)  I)ctwccll  tllc line profiles  of [() 111] L2 11111,  88 ~/111

all(l  [N I 11] {)7 11111 (l)llfl~  ~~tl al. 1 987) with tllc [() 1] 63 ~11]1 profilf.,  is ])at)urally cxplaille(l

if [() 1] origillatc.s  ill l)llc)tlc)(liss~)ci:ii,c{l  gM which is a(l~accllt to, w1(l t,ravcls  Wit(ll  the

[)rl)itill:;  11 II rty:iolls. Su]”)crl  lova Slloc.l{s ,  0]1 tllc otllm.  11:11](1,  WC)LII(I IIot,  Ilcccssarily
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corrclatlc wit,ll  IIllc (Icl]sc 11 11 rcp;imm  (see, for exiu~lplc,  Tclcsco  & Gcxa,ri  1992, W11O

find no ol)vious cmrdaticm  of sulmmnm  renma.nts  MI(1 H II regions  in M 82 ), and the

supersonic velocities would dtcr tile lille profile dative to (fhc IJrofilcs  from the 1111

plasma,

3.3. H 11 kg-ions

T1lC ionization  ldalLcc  ill II 11 regions  Iesults ill some c+ , [)0, ancl Si+ ill tll~

H 1 I plas]]la  wllicll will contribute  to t,llc fine struct,mc  cnlissioli.  rk:callsc 0° has

all ionization potclltid similar to II and a rapid  chaJ gc cxclmngc  rcac.tion  proceeds

l)dwccll  tllc two spcc.its, the 0-1 /0° ratic) is )mmly idcntica]  to tllc 31+ /H ratio in

111 I rcgiolls. !l’llcreforc,  tllc 0° al)unda]lc.e  ill 1111 rcf:iolls  i s  cxtIcIIIdy low and the

[01] 63 /LIII contribution is insigllific.imt.

IIowm!r, the contrilmtion  of [C 11] 158 pm a]lcl [Si II] 35 ~111) froln the 11 II

rcgiolm ]~roduccd  by the w 105 0 stars  ill the cxvlt,ral  rcgioll of M 82 ]l]ay bc sigllific.zult.

F’igurc  3 (lisplays  the rcsult,s of al)plying the R.ubill ( 198L) 11 I I region  code to a silllplc

311 O(1C1 of 60,000 0 stars, cad]  with I,y]]lall  colltinul]xll  lull} illositfy  of Arl,  ~,c =- 104 9

])1101!011s  s- ] all(l Cacll clllljcxldc(l  i~l a collstallt,  dcllsit,.y,  ?/c = 190 cll]- 3,  iollizatioll-

lwu]l(le(l  11 11 region. ‘]’lIc O1)SCTVL,(I  vducs  arc SIIOWI1 witfll  fillcxl circles  all(l 1 a error

lmrs wllilc’  {Illc ]]1o(1cJ  values are O1>CW squares. l;xtinc{ ion corlcc.ti~)lls for wavclcIIgtlIs

slIOIi(’1”  t,llilll  3L  ~1111  HI(: sigliiflcalltl, wit])  cxp(7  ) rall~)i]l~  l)(:ttv(,(’11  1.3  aIItl 2 .2 .  Most

o f  {IIIC II Io(lcl values  ill Illlis  SIIOI{, wavdcvIgtll  rallgc  wc wit flli Il 1 0  o f  t}Ie ol)scrvations.

‘1’llc  l(~lai,ivcly  pc)or(:r  f i t ,  to [Nc ] I] (t,lIc IIIO(lC1  assuIIlcs  SOIW iil)uII(lii  IIcc for giis plMSC
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ueol),  sw Iwlow) IIIay h attrilmtcd to tile large and unccriaill  extlillc.tio]l  correction

applid  for this shod wavelength line. ‘1’he model fits the data well at tile longer

wavele]lgth  trw]sitions, with tl]e exc.eptio]l  of tl]e [(; II] WIC1 [Si II] lines, wllicll  the

nlodcl Illlclcrl>rcclict,s;  liowcvm, the nlode]  [C 11] wid [Si 11] line fluxes are proportional

to tllc assu)lled  gas phase a.bun dances  of C and Si, respect id y. }~’igure 3 assumes

[C/HL 2.8x 10-” 4] and [Si/11=-  4.5 X10--6] (8b% of the silicon  is in grains), dues

appropriate for (li{~usc  CIOU ds and 11 11 regions in the solar vicinity (It.ubill,  Dufour, &

Walter 1993). TIIus,  a gas plIasc  [C/11] ratio  of N 10

arc rcquim(l  fbr 1 I 11 rcgiolls  to produce tllc bulk of

[Si 11] 3i3 ,,*,,  emission.

The [Si II] W ~lm emission cm originate froHl  11

al.)uII(laIlcc  ill M 82 is solar and oldy 50cYf of tile silicol)

‘3 a]ld [Si/11]  ratio of 1.GX 10– 5

the O1)WIVC!(I  [c 11] 158 pm Ml(l

I I rcgiolls  if Illc clcmaltal  silicon

is ill grai]]s, as might result  fro]ll
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cmissicm from all icJlliztit,iolL  -lJolllltlc:Il  1111 rcgicm with the [C 1 1] cll}ission  frolll  tllc;

PDR which surrounds tile ionized gas. They snow tl]d,  regardless of the elemental

abmlda]lcc  of C, tile I’DR, dominates the C I I enlissiou  (by factors of typically 2-3) as

long as lL~ >10 C1ll ‘3 ill the 11 II region  wld Tc~\ of tllc central  stal exceeds 33,000 K,

Wc conclude that <30% of the [C ]]] emission is procll~ced  in 11 ]] gas and that most

origimites  in PDRs.

I 3.4. The Origin of the  [Si11] 35 II m Emjssjoll

We nave suggested that m H 11 region {migill  for [Si 11] 35 p]]l is possible with

high silicon gas p}lase al~unckmces. We must llOw exal[line  Pl)lt c.olltributiolls  ill tile

lligll-lil)llllclallcc  case , aIId detemlinc  whether  I’DRs  could donlinatc  tllc total [Si ]]]

3J pm cmlissioll. ‘J’llc observed [Si 11] 35 pm lunli]losity in M8’2 is ]Jearly the swnc  as

tile [01] 63 /IxJ1  lulllil]osity,  whcmms tllcorctical  nlodcls of Pl)lts  (’1’11)  predict [Si 11]

35 I/111/[() J] 63 ~{]]1  ratios  of order sO.l[(xSi+  /xOo )/1 0–2], wllcrc X,$i+  aILd Xoo arc

tile gas p}msc  al)undallecs of Si+ and 0°, alId 10- 2 is the ap})rol)riatc value of this

abundance ratio ill dii~use  clouds (cf., VW Steall,mg  & Sllull 1988), 11] diflusc clouds,

m o s t  of’ tlllc  Clclllcvlt,al  Oxcygcvl  is ill tl]e gas j)l]asc wl)meas  N 85(XJ  of th[’ Clcmelltal

si]icml  is tic(i up ill dust. A  [Si ][] 3b 11111/[0  I] 63 ~/m ratio of order  ullit,y  is  also

OIJSC’NCXI  ill tllc g[ilactic ccllt,er  (Graf  d al. 1988) w1(l ill M] 7 (M(,ixllvr  ct al. 1992),

a]](l ill l)~)tll cases a l)l)l{. ori~ill lI; M I)cul illvoke(l.  Al{ lIougll  1,11(~ p,alaciic  c(q It(q IIIay

I)c cxl)laillc(l l)y high x,~~+ / x(y, suc.11  au explauatiml  SW:IIIS ul]likc]y  ill Ml 7 WIICXC

wc wo~~}~l  ~~~j)~~t,  sili~~)ll  t,~) 1)~ ~leplet~(l  as is OI)SCIVCXI  ill lllost,  (Ii f]”use  WI(I  lllOlcCulal’
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c.louds.  Meixner et al. (1992) sup;gest  that the [Si I]] 35 pm/[0  I] 63 IIH1 ratio ill M17

IImy bc understood by a,ssulllinp;  self absorpticm  of tile [0 1] 63 ~lxll elllission  by cold

foregromld clouds. Additional self absorption  of [0 ]] 63 pn in hJ82 seems ulllikely

because the CIISCII1l)lC  of C1O U( 1S which produce the [0 ]] 63 /1111 clllissioll  are orl)itillg at

high vcloc.itics  aIld tllc probability tlla.t one cloud absorbs lim cll)issioll  frolil anot]lcr

is very snd],

Tllmefore, for [Si ]]] 35 ~fl)l to nave a PI )R orip;in  in M8’2,  JVC require that tllc

gas pllasc silicon abullda)lcc  bc IIigll x,~~+ N 3 X 10-”” (solar) ill t,llc IJ1>R,,  IIowwm,

tlllc gas phase silimm aJ)ulL&mcc in 11 II regions should be at l~:ast as nigh as the

abundance  in tile ILeiglll)orillg  PDRs. We llavc slLowl I in $3.3 tlJlat a gas pllasc  silicon

al.)ul]dalIcc of ~ 1 .!j X 10--5 will ~}roducc  all tlic [Si 11] 35 ~lm clllissioll  ill 11 II rcgimls.

W(: ccmc.ludc  that tllc gas ~)ha.se silicwl  al)un(la,nc.c  is lli:!;li,  N 1 0–5, aIIcJ t,Jlat

lllostl of the [Si II] 3L Iil]l  e m i s s i o n  arises frolll t~JC  obsend IJ 1 I gas. ~CCallS~ the

[NC 11] 13 ,l*u ol,servatiol,s of tJle ,,UCICUS  give littlr indication,,  tliat tllc clc7rLe7ttul

al)u Il(laIIcc  of {Il]c IIcavy dcIJJcwts  are l]]uc.11  lligller  tl]lan solaI.  (l-lt’cl{  et, d. 1978), it

appears that t,llc fract,  iol] of silic.  ol) ill silicate jqail)s is lCSS t,llall  t,] I(J (lifi’usc  TSM vduc

of 0.85, prcsull]al)ly  l)ecauw of the vaporizatio]l of grains I)y suj)[’Illova  shocks ill tllc

violcllt  CCII{, Ial lcgiolls  of M 82. Wc nave argllcxl for ;L silllilar  11 I I oli, gi]l for [Si 1 1] ill

N G(;  WJ (Carla]  et, ;il. I  994).  IJ7C s])ccu]at(  tlllall t$lkis Illay l)C ii Collllllwl  situatio)l

4. I>isl,l.il~llt,icJl-l  of the Em ittinp, Gas and 1 )ust
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Tile many studies of the gas and  dust in the c.mltel  of Lf 82 show that the

emission  originates frcml  an elongated structure, as from a k or a disk of s ize

w13x26°  or N200x400  pc, (Joy, l,ester,  & IIarvey 1987; Telcsco ct al. 1991; q’elesco

& Gezari  1992; Wallcr et a l . 1992). Figure  4 shows contours for tllc Ilolltllmmlal

radio elllissioll,  tile C(3 J== 1 – O enlissiollj  tllc 11 ] (21 CI]I) elllission,  tllc dc!llsc

]]lolecular gas tracers SUC1l as CS, and tile 30 ~11]1 :illd 40 ~(m dust e]llissioll.  All tllcse

emission distrilmticms  show an elongated structure halring the same inclination  angle

in the inner  kjx. ‘1’lle II1OSL striking attribute of tilt: Ilmny elllissiol]  (listributimls

seen ill Figure: 4 is that they do not peak  at t h e  nucleus, but rath(!l show dual.

peaks ixl tile Northeast WI(I Scmt,llwcst  at distances  of ~ -- 15“ (75 - 22L pc) froln tile

1 ~.
C.c!l)tcr.  q’lle  OC.C.ll~~CIJCL!  of ‘Ltwiu peaks” of moleculal.  cnt Lissiollfirecc)g;llizc{l  as zi comlno]l

]>h~llolllellol]  ill stall)  ul”st gi.ilLiXi~s , and ]]my origimte  as pro(luctls  of illller ljinclldad

1(’s011 allc.cs ( J{ C1ll I (!-y  et al. 1992, Tclesco et al. 1 991), JIII iiltenlatc IJossil)ility  fbr tlllc

origin of tllcsc 110{, sj)ot)s  is flwl]i  tl]e cxlgc-o]l  vicwillg of~~sillglc  ti~llt,ly  wrapped illllcr

spiral  ar]]l (’J’CICSCO  c{, al 1991 ; SIIcli  all(l IJo 199 b),

q’11{~  1{’11{ lillc Clllissioll  is colusist,ellt  wit<])  all origil)  i]) a]] c’lc)llp;tite(l  or l)ilold

si,lllct,llr(.~.  L)IIC, il)(lica{,i(.)11 Of t,llis  colllc>s  fi.<)111 colllp;l,].ill~  lllllli,i-i~l)c~lilll~~  ol)scl,~~z~t,i[)lls.

111  k’i~urc  b we IJlot,  the’ rt’l[ttivc flux fbr the [0 ]] lillc SC(II  lvil,]) a 30”  aII(l 40” apmturc

(I,llgt(’11  (:( d, 1 986), all(l fOl” tllc’ [Si I 1] ol)scrvatio]]:>  tltdi(’ll  with a 34” all(l a 4 4 ”

A’

@

‘f,q (?’/ ‘i ‘-
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apwturc (this work). ‘1’lIc [lata show an illcrcasc ilL fl~tx  wit]) alX:It  Ur(:  size consistent

with an c!xtcmdcd  disk, reprcscntfed  here  by the distri])ution of ihc 40 p]]] continuum

anissio]l  (dashd  li]lc), but illcomisteut  with an inc) case ill flux with aperture size

from a uniform distrilmtio]l  (dotted line).

]IL c o n t r a s t  to tllc [0 ]]  a,nd  [si ]1] dist,ril)utiou, t h e  [~ II] 158  ~1111  cvllissioll,

mapped  by Imgtcll et al. (1 986) and by Stat.cy ct al. (1991)  originates from a

Illorc  ext cnldcxl rcgioll, with a sinlila,r but, larger disk-like distribllt,ioll.  Tllc  nlap of

Stacey d al. shows [C 11] eIuissioll  with a F’WIIM aloIJg the major  axis of 45”, mostly

Ullmsolvcd  elllission  along the Illillor  axis, but with soIIle  [c I 1] c’ll]ission  as far as 2’

frolll  tllc cmltjcr along tllc lninor axis.

4.2. Sc]mrating the North cast and ,S0 u t hwcst  CoIIl]JoncI~ts

1 ‘1’llis 5dIlIc  pattcnl  is also sce]l ill tlIc [0 I l l ]  J2 1(111,or S]1OU1(1CI  at vw 320 km S- . . ,,

[0 III] 88,,111, imtl [N III] G7 ILn, line profiles (J)ufly et al. 1987) MIC1 suggests that the

. . . .
cllllsslolI  scell III all 0{ thcwc  l]ncs orlglllat,cs  ilk tllc sa] ) lc or doscly  associatcx  rcgiolls.1

WTc lMV(> fitkxl Gauss  ialls witl} a flat c.c)lltilluulll  to tl)c [() 1] aIId [Si I 1] profiles

wi{ll  r<wults  givul  ill ‘J’al)lc  4 allcl l“igurm  Ga, 1). lkcll  fit US(?(1  G flee ]) MWK+TS:  tllc

llci~lllf,  wi(ltll,  :ill(l  ccllt,roi(l  of’ fol tacli of’ tlLc tltvo Gallssialls.  ‘1’l]c I CXIUCCX1 ,yz for cacl]

fit is of’ or(lcl  ullitly,  ili(licat,ing  that {Illc plofil(’s am iIdCqUatfCly  fit l)y tfllc fullctiolls.

‘1’al)lc  4 SIIOWS that t,llc  velocity (:cllt$roi(ls  aII(l wi(lt lIS oi” tfllc tlvo ~iaussial)s  (caclI)  for
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tjllc  two lillcv+  II]atlcll  wittllill the errors,

,Jus{ as I,lIC [C II] clllissioll  appears  to lJ(S HIore  cxtmldcxl  tllal] tllc [0 I] aIld [Si ]]]

emissiml,  tllc sl]apc of tllc celltlal [C 11] pmfilc  (IJUg’(ClI  d d. 1 986) is also dif~ercntl

flolll that of tllc [0 1] and [Si ]1] profiles. It is ]nore cclltrally peaked ill velocity, aIld

dots not show a ]MWIIOUIKX!(l  320 km s –1

data ( canal d al.

fhl!llt  Cclltld  [c 11]

1996, ill prcpaation)

profile than that sum

trying to ttpl}ly  a two Galmsim fit to tile

shoulder.  However, \vc II avc prclill  linary

which semns  to indical  c a somewhat dif-

Ly I,u$;toll d al. ‘1’11(.v’cfol’c,  Iathcl’ tllml

pul)lishcd  [C 11] dat[i, WC llavc! Clcctjed  to

cst,illlatc  t,llc [C 11] line flux ill tljc two vcloc.it~’  colllpollmlts  SCCII  at ot,]lcr  wavclcnlgtlls

l)y sixlll)ly  i(lcnlt,ifyillg  vclocit,y  rallgcs  for the two Collllwllcllts. TILC i]uxcs in the [0 1]

wld [Si 1 1] Gaussiall  cox]lpomnts  arc rccovcmxl  if wc idcuti$’  tis tllc IIortllcastj  con-

pollcllt tllc illt,cgratcd  mllissioll  ibr V> 250 kill S-”l and as t!llc  Soul! hwcstj C.ompollclltl

the illtcgratcd clllissiml  for v< 250 km s-- ] . me Ic’slllt!alli! [C 11] fluxes for the t w o

‘1’lIc velocity ficl(l of tile illl)cr  kpc of M82 cwl l)e

lil)c clllissiou  oligillat,cs. lJ7c llavc cxalllillc(l llhc IIipll

used to (1( ’( IIICC Whc!lc tllc F’11{

resolutio  Ii v e l o c i t y  fI(.’ld  frolll
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(1988) IUI~ roughly linearly fro],]  120 to 320 kll~ s ‘“l alcnlg  tllc  IIIajor axis from –10”

ill the southwest to 1 O“ ill the nort,llea,st.  This same  goleral  rotation curve  is apparent

ill tllc l]]orc  highly resolvml  CO nlap of Sllcll & IJo ( 1995 ) ,  aIId {lIC [NTC 11] Illap of

Aclltcr]llaml & I,acy ( 199 b). but for tllesc  I)Laps  II1[JIW velocity crowding is visible

ill the scmthwcst.  ~’hc Ha field shows similarly spac(d  isovcdocity  contours rumlillg

along the! Illajor axis, I)ut with S-shaped distorticms  indicating streaming and/or

z-nlotions (SCC Figure 4). Ilcymld 10” the vcloc.ities clia]l~;c 1] ]OIC slowly, rcaclling

90 k]]l S- - ] ‘-1 at +20” from the ccnltcr, while  lminttiilling a dispcnimand 370 km s

of 50-100 1{111 s – 1. Ill tllc rcgiwls  beyond + 1 O“, wl)fm the rot atlicnl  curve fiattms,

there arc II IaIIy illdic.ators  of cnhanccd  cmissicnl  due 10 star fcnll]atioll.

‘1’hc velocity cmtroids  of the [0 i] axld [Si 11] cmlission  fmtulcs  indicate that the

mlissioll  pinks originate at distwlc.cs  about 1 O“ to tllc!  NT]’; and SW of tllc! Iluclcus.

l’igure  4 displays the 11 CY isovclocity  contours crossi]lg  tllc Illtijor axis in hf 82 along

with iillml  circles  011 tlllc llla~ol  axis posit,  ions with wlocitfics II]at  cllil)g the vcloc.iticx

of tl]c [O 1] all(l [Si 11] peaks. lt7c llavc placc(l t$llc l.)luc-slliftcd  1“1 Ii lillc clllissioll

f e a t u r e  C1OSC to tfllc ]Iuclcus,  wllcrc there  is a brigl]t  Illi(l-illii;tl((l a]ld Ne II peak.

llcca.usc  of 1110  rcl~itjivcly  flat rotjatioll  CU]VC l~cyoll(l lliis l)oilll, tfll(’ r~+shift)c(l  cnlission

COU1(l  dso origilmtc fiu.tfllel  frolll the cmlt)cr. A SCCO]](l  plausil)lc  (;[} jmik is located

1 ‘“ furilicr soutfllwcstf,  Q)lllparillg  Ifllcsc  positions wit h IIIC l)]al)  of SIIcn Lz 1,0Ii )Ollt! ,)

(1’igurc 4, mltcr left,  pmlcl} we scc tllltttj the north  (iist, ii]ld southwest colllponcnt,s

lliiv{’ collll{cl’])iil’ts: Sllcll all(l 1,0 lal)cl  tllcsc posiiiolls  14~2 all(l C] all(l they wc witllill
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3“ d {IIc assmlled  PDlt. ]lot spot positions, F’igm-c  7, panc]s (i) aILd (k). With the

velocity cmwdi]lg  apparc!nt  ill tlm map of S]len & 1,0 (1995), region W3, a third

co pcalc located dwut 15” southwest of t lle 2.2 Ilm center  may also bc part of tile

southwest hot spot.

‘To gauge the location and compactness of the FIR lilw c]nission in the llortll-

east and southwest “hot spots,” we have made sam]  de synthetic line profiles using

the detailed disk velocity fields. The synthetic spectla  shown in Vigure  7 were made

using the 11 CY field, and little wwiation  was found if the CC) (J=- 1 -O) field was used

insted.  The synthetic profllcs were generated frolll  tllree  il]put colllpollmlts:  tile ve-

locity {id(l,  tllc emission distribution, axld the instrul  mnt  beaIIL  profile.  A Gaussian

vc!locity dispersion with u =- 63 knl s-” 1 was usc!d  in each case, to n)atch the major axis

(lispersicm  seen in the! CO, II(Y, alld 11 1 data. FJlnission  distril~uticms  of dust, atoms

im(l moludes  were gathered from the litcrdure  (ldt pmels,  F’i}\ure  7). The. C@TS

bcwll  slmpc used for our [() 1] and [Si 1 1] observations was sil[lulatc(l,  These computer

I]lo(lcls  yicldcxl  tile sylltlletlic. “line” profiles (vdocit$y  histograllls) sum in the right

llall(l lJalIels,  }“igurc  7 (ri,glltl paIIcls)  snow tl]at four assuIIIcd cllkissioll  distributions

(12 ,I]ll; 40 ,(I]l;  3 IIl]ll;  a,id CO) result, ill ncally  Gaussian v<,locit~  Ilistril,utio*ls,  with

]. The ody IIlodcls fomld 10 ml )Iicatrc  the OIM!LVC(la Illcdiall  velocity Ilcar ’200 kIIl s-

(lc)II1)I(:-IIII]I1l>c(l  [0 1] a)l(l [Si 11] ]mdilcs were IIIOSC which assu  IIIml tll](’ cl]lissioIl  to lw

collfi]]c(l  {0 SIIIdl (< 8“) rcgious 011 citllcr side of’ tfl]e llucl(:us as sllow]l  ill lmllcl (i)

iill(l (Ii). ‘1’11( not spol,  Illodcl  ill panel (i) used a]l (ll]issiml  rfgi(n?$’8° ill (Iialllctcv  . . 1
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(Y’WIIM) wl~ilc  t],c ,,1oc1c1  s1,ow,)  i], pm~cl (k) used c,~~ission  regiol,s  2“ i,, dia~~,clcr.

We prefc:r  model (i) bwxmsc of its closer  correspol]dance  to tlIc CO distr ibution.

The best fitting velocity dispersion in these luodels was found to lw GO km s-1 and

65 km S–l respectively. Whcm  regions  lar&I  thwl 8“ wuc com+i dcmxl,  these could

not bc fit, bcmi.usc velocity dispcrsicms  which producxd  the correct m’cmll line width

fidild  to rctaill the double  llumpccl structure, Ckmparing the synthetic profiles  to

the! observed [0 1] profile, wc collcludc  that tllc IIortlleast  and sou{llwcst colllponmlts

of tllc [0 1] ZUIC1 [Si I 1] lillcs arc scparatcxl  by al)out  20”, coxlsistwlt  with tllc bright CO

]K!aks  of SIK!ll  &7, 1,0 ( 1 995). Hmvcvcr> with extrcnllc  w:locitfy crow(li Ikg, tlIc sqxiration

could rangy!  fmll lo” to 30”. ~’here dots IIOtl  appear to l)c aIl appreciable central

C.olllpollc!]lt  plcscnt  .

What causes these two peaks?  WC sug~,est  that tile two FIR lillc clnitting  101.ws

lcprcscnt  citllcr tl]c cross- scc.tio]l  of a lIlolcclllar  tollls  of Clllissioll  or molcc[llar  gas
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5. MODELING THIZ CENTRAL 400 PARSNCS OF M82

Ihscllll)les  of clouds exposed to FUV radiatiol]  have Ixxm JIlodcled  by Wolfire,

q’iclcm,  & IIollcmbac.h (1 990; WTH ). These authom show how to use lR and mil-

limeter observation to derive  parameters including the gas density na in the pllo-

todissociated  cloud surfaces, the surface  gas temperature ‘l’a, the cloud arm ~Ja,  and

voluIILe c/)v  fillillg  factors,  the iIlcidellt  ~{’uv flux Go 011 e?mh cloud, Il)e avc!ragc  F U V

flux ill t,llc ISIVJ GA ~z, aIId tile ]lumbm NC, ] a]ld radii  rc,l  of tllc clouds. ~’hc essence

of tile Illodclillg  is tlmt line ratios  give the density, iempcratule  MI(1 incident, 1+’UV

flux 0]1 the clouds, line stl el@hs give the atomic ZU]d molcculw  IImss, and a com-

parison of tllc ato]llic mass with the ]llolecular  IIlass gives tllc ]lul])l)cr and size of

the clouds, since greater Ilumhcrs  of small clouds rtsult ill moIc surface arm aILd

ifhcrefore  ill a higher tit,c)lllic/lllc)leclllar  ratio, l’hc ] )araInctlels  Nc] , I’c,l , and #\T  arc!

Illlc  lllost  ullccr{aiIl  ill I)llc dcrivatiml,  ill  part  I)ccaus( t h e y  (lcpclIfl  scllsiiivc]y  011 all

estillmtcd  value for the Hlolcmlar gas mass aIld 011 a]] a.ssumcd  value  h ?), the ratio

of t,l]c CIellsitfy  ill t,lle I] Iolccular  cxnlter  of each cloud to tll(’ surface atolllic density.

Nc,l,  ICI, aII(l q)ll H]so dcpm  Id 0 1 1  t h e  dimcmsiolls  of t,llc cvllitting  r(gion.  ‘1’o cstilmtc

Il]c  (lill]cllsi{)lls,  wc collsi(l{.x  {,IIc  200 x400 pc (26x  1 ;}”) rcgio]l  cl)clt)sml I)y the half

power  COIItOUI  of l,lIc 1“11{  collt,illuulll, M oullincd  lJJ’ the 40 ~JIII n]al) of tJoy ct al,

(1 987),  a size  collsislmt$  with tll~ detailed MI]{ ]Ilap of ‘1’elmco  & Gvxari ( 1 992). WC
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treat t,l]rcc  tliflLrcllt,  spatial distributions within this region.  ~’llt lnost  silllplc is a

ulliforlll  elllissicnl  (list, riljutioll over tile entire 200 x400 pc rcgio]] (Model 1). As a

rcfillclllcllt,,  we (lividc tile 40 jIIll continuunl  ump into nortllmst a]lcl southwest com-

pcnlcllts  (alo]lg tllc:  Hlii,jor  axis) with areas  l)ased 01 L the 1~’IR  continuum ccnltours

(Mo(lel 2). I,astly,  wc c.ollsidcr  tlic cmdincxl mlit,til~g  hot sl,ots  illlplicd by the zmal-

ysis ill $4.2. ‘J’hcsc  rcgims are nlodcled  as 12{) x 12L l)c (8x 8“) regions  cm either  side

of tllc Hucleus (Mo(lcl  3). Model 3 is our preferred I nodel. ‘1’lJe \VTH procedure is

dcscril.d  l)riefly  ill Appal(lix  II.

III applying tl]e W’]’]  I proccdurc  to M82, wc have used tllc illlprovecl  molecular

I]lass cstilllat,c  of’ VVil(l et al. (] 992), M(112): 1.8 x 10R M@),  derivml  fmni a lnulti -

irallsitiona,l  aIId isotopic st,  udy (SCC Aplmldix  C). III our IIIOCICIS,  we IIave assumed  a

c.om to surface dmsity  ratio ?) =. 3, which represmts a nleaII l)et,wccn  a turljulmce-

(Iolllillated  C1OU(1  (?I N 1 ) itll(l  a C1OU(1  ill tllcrll)al  p ressure  Cqllilil)riulll  (?I N 10 ,

assmlliug  I\, f’-’ 300 1< all(l a IIlolecular  core  t!cml)cl”dul’c  of ~ 30 1<), WC USC!(1  t h e

olx+:rvc(l  illlxcs  in {)ll(! two l’c!locitly  C,olllpollcl]ts  to ]Ilo[lcl  tllc l]ortlllt:ast  aIld soutlllwcst

rcgiolls sc]~aratcly. Since  ilIc \4Tild d al. nlolccultIr IImss  i s laqyv” than previous

csli)llatcs  wllicll  aSSIIIIICd  o p t i c a l l y  tllill  CO cll}ission  (Appul(lix  (.~), wc nave a l s o  rUII

IHO(l(>IS  wiill  half 111  Ie II IaSS (().9X  108 Mc) to Cxal]linc  our sm,sitiviiy  to tl,e *IIolcxmllir

lllass.

‘1’lIc results of tllc \Vrl’ll  analysis arc S11OWI1 ill ~’al~lc b. ‘1 ‘llC 011(’ Colllpollcllt

(MotlLl  1) rcsu]ts  cf,,,firl,]  tl]c ]Jrcwious  al]alysis of l,uglc,~  ct. a] (1 !)86)  aIld  W’1’1],
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whicll  showed SI]lW, dmsc clouds illuminate Ly intc]m  I“U V i]uxcs. Tllc  two co]m

pom!nt  models (2 and 3) show di{~crenc.es  in the physical conditions  ill the xlortheast

W(1 southwest components. This cm bc intuitively l~uderstoo(l  I)y ]Iotillg  that the

[01]/[C 11] flux ratio in the Ilorthcast  componmlt is apl )roximatcly 3 times larger  than

tile ratio in the southwest component, and that this ratio iucrcascs with illcreasing

gas density and temperature (TII),  The model resulis suggest, that there are more

clouds of lower I]lass ~200  MO ill the southwest region, while ill tllc IIortheast  region

the clouds arc llottcr aIId Hlore  massive w3000 MC) (th[:  I1mss  pm cloud is obtained  by

dividing the total ImMS by the Ilumber  of C1OUCIS). q’hc arm and VO]UINC  filling factors

are the oll]y  derived parameters wllicll  diflcr  ill Mod(:ls  2 aIId 3, I)ccause  the fillillg

factors are ctdculat,ed  for di {Ikrmlt sized rcgiolls.

result is tllc laqy number (W 105 – 106) of sInall

IIowcver, tile lllost  striking  gmlcral

rrl AI 0.4 --1.0 ])(’, lJC1 N 200–-3000

ME>)  clouds which populate the nucleus, These C.1OU(1S  have surface gas densities of

older  104 CII1-” 37 illcidcntl  k’UV fluxes 103 -- 104 ti]nes  tile local ilitcrstellar  value, WLC1

surface  tclllpcraturc  ill tllc a,tolllic gas of w200 - 300 1{, ‘J’hcy all’ ‘~scpalat,  c)’ clou(ls

ill tllc sel]sc that they (10 )lot, apprcc.ial)ly  sllicld each (Jtllcr  flolll  tll(~ I“lJV field; givcll

this requircll)cllt,,  l]owcver, they ]Ilay still IN clust,me(l  to SOI]I(J (Jxtcllt,  for cxa]nple,

ill Sl]cctls,  iilanlellts  or not, spots. !l’his point  is i]llportfallt  cmouglI  to lx’ rcitlcrated:

our )llwlclillg proccdurc  lmsically  compares {)110 atoll)ic. JIlass  to t,llc  I] Iolccular ]]]Ms

to clct(vlllillt~  111( surfztcc area of IIcut,ral  cIoII(l  cxpos(:(l  to (liss{)ci[it  illp; UV lwliat,  io]l.

~’llc’rcforc,  we a]c IIot llcccssarily advocat,illg  ml cvlsenll)le  of spllcrica]  C1OU(1S of ]adius
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I’cl, but rcl ITpI-CSCIttS  tl~c .wkc scale (thickness or d~a?[!  eter) of t]l c spherical, s}Leetlike,

I 07.  jilamcntcwy ~~cutlal  clouds  which populate the nucleus.

TILc derived ?l(, a]lcl Ta in the PDRs give a thcmllal  pressure of W3 x 106 K cm-3.

This PDR pressure is comp-able to the average thmmal pressure in tllc M 8211 ] I

regicms, 4x 106 1{ CII1-3 as mdelcd  by IhdIy et al, ( 1987) and Ilcmck  et al. (1984),

which suggests that pressure equilibrium lms l)em cstablishccl  bctwcml the P1)Rs and

tllc presullml)ly  Ilciglll)oriljg 1111 regions.

TIIe mass of tllc iollizcxl  gas cml Ijc calculatcxl l)y con)parinr,  tllc tllerlnal  radio

contilluulll (Carlstrmll 1 988) or the IlrcY lull)illcmity (Willnm et al. 1 977) with the

clc’ctrcm  density ?~( w 200 Cml-” 3 detxm~lincd  from liue ratios  by 11 ouck c% al. ( 1984)

WI(1 Il~~fry d al. ( 1987); the result is MI III <Q 1 --2 x 1 07 MO).  ‘1’lLc volulnc of the

elllittillg gas is found l)y dividillg  M1llJ l)y tllc dmlsity;  the result is b x 1061 C.1]13.  TIIC

VOIUIMC fjlljlg factoI  of tile  ionized gas  is -4.07 if wc assume a disk of t]lickllcss  200 pc.

all(l diall)ctlcr  400 l)c., NO. 1 b if ill is a bar of dialllctcr 200 l)c (1 3)) ) a]ld lcllgtll  400 pc

(26”), a*lcl u*lity if all tile io],izcd cl]lissiol,  oligi*latcs  fro*ll  two not spots (Ilorthcast

aIl(l souillwcst)  that are sl)llcrcs  wit,ll  (lialllctcrs  125 pc (8’)) (Mo(lc>]  3).
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11A orda for sudl  highly p r e s s u r i z e d  Ilcut,ral  clouds  aIId 11 I 1 rc~,iolls  {0 persist,  tllc

er~tire  I S M  must bc highly prcssurimd  a]ld lllust strew  to prcwcl]t  this dyllaxl}ical

expansion of’ illdividual  cmnpol]mts. Any substantial volume ]]oi, filled by tllc 1111

gas must tlmeforc  bc filled  with hot (perhaps 10 6 – 107 I{), low density (W 1 cm-3),

Sll])crllovti-slloclcc![l  plasma of the salIlc pressure,

5.2. TiIc G1o h] Pid u m of the ISM in tll c Ccl) tra] 400 Paxsccs.

~’hc 1’1)1{ IIlc)dcls  i]ldicatc  that tile iI]cidc]lt  l~UV flux, (Jo, 011 each clcmd  is

~])oui  tll~ s~]]l~ ~s t,ll~! a.vCIZigC  iIlhWh211al’  flllx,  GA ~,~, ill tll C K~iOll C.Olltiiilld  ill tll(!

l)wI1l (Go is dcrivd froIIl the PI)R fhle structure lillts, Wll~l”~:tS  ~~A \/ iS d~rive(l frOlll

tile l)c:zilll-ii~~crtigc(l radiation field SCCI1 ill tllc F] Ii,, sm AppcIldi x 11). ‘J’his suggests

that tllc OD stars lnigllt  be ralldoxllly  distr ibuted tllroughoutl  tllc voluxne  of the

Clllittillg  rcgicnl,  i.e., the stars arc Ilot  spatially cxmrclatcd  wit]] tl)c clouds ill tllc

clllissiwl  rcgio)ls. lkpcndillg  oli wllctllcr tllc cmissio]l  regicnl  is tllc (lisle, cylinder, or

doul)lc 1101 sl~ot (lcscril)c<l  al)ovc, tllc average distallcc l~ctwcell tllc clouds is ill t,llc

Yiillgc  1 .G-3.8 IJc and tllc volll]]lc flllillg  factors a.lc’ ~~L)  N 8 x 10-3  (disk), 1.6 x 10-”2

(Cyli*lder),  and 0.11 (l,ot spots). Silllilarly,  assul]liu~  6X 104 lluwive  0 stars provide

tll(’ imlizillg  plIoloIIs,  tl]c average distmlcc l)ct$wcm  IIICSC stars  is 7.6 l)c (clisk), 6.0 pc

(cylillflm) allcl 3.1 ~Jc (not spots),  Sillcc  star-st:,r  p)jtivit{itic,l]:il  i*)tf:li~ciic,l~s,  cloucl-

clol~(l  collisio])s,  iul(l s1w’-(1ouc1  illtcractiolls will cc’ri ail]ly ill(luc(  lclal,ivc IIloiiolls  of

> 31:111 s- ] ldwccm  a C1OU(1  MI(1 a nlassive  stiw l)OM ill that cloud, wc expect IIlassivc

() stars to tlrav(’l at least 10 pc frolll  tjllcir lIatd clou(l  ill Ihcir A 3 X I 06 yc’ztr  lifi:tlilllc.
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TheAOre,  it is llOt surprisi]lg that tile stars are “rtiII{lOIIlizC:(l”  with Icspccll  to tllc

Clouds .

Wc propose a l]]oclel  in which rmldonlly spaced  0 stars  illmllinate tllc c.om-

plwsscxl  c l u m p s  o f  m o l e c u l a r  gas b e t w e e n  th(!m. TLc pressure oftll(: ISM is detm-

mimxl  by frequent, supcrllome  blast waves, which maintain  a ]lot w 106 K, pervasive

intercloud mdium  (such as discussd in McKee &’.z Ostriker  1977). The rate of supcr-

uovac  cxplosious  ill t,lle c.elltral 400 pc is takcl~  to bc  I/,,$Ar -0.1 -yl-” ] (SCC $1). q’hc

“porosity factor’) Q (MCKCC 1992), which measures the VOIUIJIC  fillillg  factor  of the

hot illtcrcloud nlcdiulll,  can be estimated fro]n

c’ ’07 (2Q:i’93’’~-o’]’ (3-X2%=3736 (6’%+ ’51)

indicates tluit tlhc hot, gas has a large VOIUHIC  flllill?,  fidctor  (W 1 ) aIId may drive a

galactic supmwi]ld. If Q< 1, the pressure producd l)y tile su]mmovac cm IN written

}’ :- 2/3 ,S 1; ~CO[)l  (Mc.]{cc & ostriker  1977), IVILCIC  S is tlIc su])cIIIova rate pcr uuit

volu]~~c,  l; is t,hc killctic r]]crgy ill a typical  supcrno]’a.,  aIl(l f “.COO/  1s tll C cooling  tilnc

of tllc ]Iot! pl?tslm. Using tjllc ctwlillg  rate  fol 105- “’4 X 10’ I< l)liisllla  fl’oil] Cowic,

(4)



‘J’lIe solut,icm  is llic.ely  self consistent. ‘J’h(! St] ]Xmlovac  would lx: expdxl  to

c!vaporatc  clouds until tjlle dcllsity in the: hot plasll]a  is sufl’icicllt  to allow Hlost  of

the energy  to be radiated away. This corrcslmncls  to Q IW 1, At the same time, tile

vcdume filling factor of tlhc hot plasma is high, of ordt!r  unity.  The pressure produced

by tile sul)crllovae  is exactly what is c)bscrvcxl ill tile denser  11 ] I MIC1 I’DR plmscs

of tllc ISM if t,llc  not plasnm  has a tcmlpcraturc  7’ w 1 x 106 K. ‘J’llis tcmpcratmw

is typical for tllc interior of CVOIVW1 SINli in clumpy lSM (see, for example, Mcl{ec

1992). The rcsdttint  pressure lwc!vmts the 11 I 1 and PDR, gas frcml  expanding in a

(lynanlic:d tiIIlc!  of %3 x 1 OF’ yr. SOnlc of tile not plasIlla may cscl~llc  froIll the! cmtral

regions, produci)lg  tllc ol)servd supcrwilld ill M82 ( Chevalier & Clegg 1985). This

]llodcl SIIOWS 11OW a lligllly prcssurizcxl  ISM is nltiilli,~iille(l,  a]ld l)rc(licts  the value of

tll(! Ol)sm”vd pl’cssulx’.

6. SUMMARY AND CON CI,USIONS

As poiutd  out,  I)y, for cxwllplc, sofue ( 1987) and Yull d al. (1993), M82

exl)cricllcc(l a s~wcrc  gl:ii~it,zit,ic)lla,l  cllcoul)t,cr  wit]]  M81 O]lIY 200 Myr a g o ,  wllicll

illiliatjc~(l  ill(’ forlllatio]l of a l)al. l<cgiolls  WIICW  t,lI(’ Iw(li]lg (ll~st lm]c CIOSSCY1  Il]c,

outo-ll,  ]i I)a] ;IIC plcfclc]ltfial  sites for i]ltcv]sc  gas collcelltf]zilio]l”  ;il](l slal  forll]aiioll

(Kcllllcy  d al. 1 993) l)cc.aIIsc  of tllc strc’all]lillc  crov;dil]g {Illc’rc  aII(l tllc sul)scqucnlt,

fl”cqllrllt  Clou(l-c]oll(l  collisiwls. ‘1’llc olMervc(l  [0 1] ttII(l [Si 11] clllissio]l  will lIti{uItilly
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origillatlc  ill 1’1)1{s alltl  11 11 rcgiolls ill this vic.illity,  clltiri~ctel-izc{l  lry lligll gas (lculsit,y

aud ultmviolcll fluxes  and ollgoillg  massive stm fmmlation,

MTc have argued for a PDll origin for tile obs~rved  [() 1] 63 ~1111 emission  and

Iixl II II regicm origin for Illost of t,llc  [Si II] 35 ~1111 emission, Altlmugll  the element.al

al)ulldancc of silicon in tllc central  400 pc. of M82 is probal)ly alwut solar, the gas

phase abulldallc.c  of silicou is lli,gh, ~ 1.5 X 10--5, indicating that, oIlly about half the

silic,oll  is illc,or]lc}r;it,c:(l  ill silicate  grains. W(? spcculai c that a significant fraction of

grail)s in this violmit  c.cllt,ral regioll  nlay l]avc })CCI] vaporimxl  by supernova shocks.

‘1’llc PI)R lllodclillg  of’ tllc neutral clouds in tile central  400 l)c of M82 indicat,cs

that they arc llul~lcrous  (Arcl N L X 10:)), sll)all (rcl w 0.4- 1.0 ]) C), (lC1lSC (?/(l ~

104 cm- 3), w,(1  ll~assivc (Afcl ~ 200 -- 3000 Al@> although \vc? Ilot,c  they arc 1(’ss

t 1 “ t the ‘(clouds” Iliay lJC c.lllstfclcxl  ill sllccts  orHlasslvc  I,llall  GM Cs). WC cnllpllasizc  , l.i

iilalllmts,  so that,  7C1 lcprcscllts  the scale size (t,llickllcss  os dialll(tcl)  of tllc spherical,

filti]]lcllfttljr,  or ~ll~ctllili(’  clou(ls.  1]1 fitct,  wc argue froll] tlllc line ] )l-ofilm tllai tllc clou(ls

arc Clusllcml ill two llotj spots, of size 125pc  x I 25 ] )c, on either si(le  of the c.mt,cr

of t!llc gahixy, ‘J’llcir vollullc fillillg  ftictlor  ill llICY+C  IIot spot rcgic)lls  is w 10 - 1. ‘J’lIc

(Icrivcxl  clou(l  ])ropcIticY+  ill M 82 wc quik silnilar to those (lcqivc(l  ii)r NTGC  253 by

~hrrd  ct a] ( ] ggq). ~hrrti]  et, til. fwui(l  Arc/  w ~ X ] 0~ , rcl w 0.75])c, TI(l N ] 04 Clll-  3,

N])(1 M,, ~ z x I o’1 All(:) ;]l N[j~ 253 wit,]] illci(l(:llt,  l’lJ\~ iluxes ])(:rl)aj)s  b- 1 0  tilllm

I!ll:it of’ M 82.
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iluxes 103---104 tiI1les tllc avera,gc  lwd (Milky WaJ’) interst,cllar  k’UV flux. TILCSC

hig]l FUV fluxes represent  the average I?UV flux in the central 400 pc of M82. Tllc

FUV heats the atcmlic surfacc!s to w 250 K, resulting in pressures }’/k N 3 x 106 CIn-3

K. Wit]l llo cxtcrllal  C.ollfining  pressure, such clouds would cxpalld and disappear in

~3 x 105 yew+. ~] owevcr, the ionized gas in the ccmtml 400 pc. of M82 fills a significant

fraction, ZO. 1, of’ the ISM volume with gas of similar pressure (Ylc M 200 cm-3 and

T ~ 104 K). III addition, the frequent supernova shocks likely Illailltain  the rest of

tllc JSM at 7’ w 1 o~ K and ?l~ ~ 1 Clll -3, thm-cby filling an}~ rcnitiillillg  volume with

plaslIm  of equal pressure. q’llc late  of SUpcrI]Ova,  cxl)losions clci,crlllixlm  tile pressure

ill tile ISM, colllpressillg a]ld pressurizing tllc 11 ]] ] cgions mld t,l]c llcutral clouds.

I’ressllrc-colifillc(l,  tllc clouds cannot expaIId  frcc]y. [1’llc large 1 )ressures  in tile ultire

c.mt,ral 400 pc of M82, tllrec:  orders  of magnitude lligller  tllall  tile average  thermal

pressure ill our local ISM, ]Imillt,ain  high dellsities  in tllc cores  of’ tllcsc clouds. Such

pervasive lligll (lc]]sities  IIIay lcacl to rapid star for]] lzttion.

It appears that tllc il]t,cractioll  of M82 with M 81 crcatc(l ii cmltral bar whit.11,

in turn, illclucc(l  tlllc  sulwqumlt  concentration of gas and dust, i]\ tllc cmltlral  400 pc

of  M82. ~’llc rc+ultillg  lligll gas dells it, ics IMvc

tioll.  ‘I’l Ic lwgc  illl)ll{  of’ supcrIIova  sl]ock cIlergy

l)lcsslllizc(l  to (Ilive a strong  supcrwill(l ill M82,

cauwd  a rapi(l  rate of siar fornla-

llas crcmtlcxl ?i }Iof  pllasc suilicicvltlly

‘J’11 is pwssur(  IIas also cwllpwssd
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is llavi]lg  a (lcvastatling  C! ficct 011 tllc lIlolecular  gas out of’ Wllicll  these stars must

prcsu]l]aljly forII1. AlrcMly tllc~  clouds arc sufficiently sxmdl  or tllill,  a]ld the UV flux

suilicimltly  illtellsc,  t,hat a significant frac,tioll  (W 0.1 ) of the gas is IJllotodissociatccl

and warnl (~ 2L0 K). Clearly the stxmburst  will soon self-destruct, lmvillg destrc)ywl

the wry cnvirommmt ncmssary for its cxistcmc.c.

We arc cspc!c.ially  grateful  to P. Du{fy  for motivating the ori~;imd  obscrvatiom,

ML(1 his work 011 the imdmuuent,  the ol)scrvatioIls  aIId  the [0 I] (Iata wlalysis.  J. Wolf

was of c.ollsidcraldc  assist  axlc.e  wit]] both tllc instrml lmlt alLd the ol)scrvaticms.  We

thmlk ,J, Baltz, 1>, Carral, aud tJ. Simpson for their llclp duri]lg the flight  series aIld

to tl]c!  stafr  of I,llc Kuipcr  Airbomc Obscrmtory  for tllc:ir  skillful sup~)ort.  C. MCKCC

l)rovidc(l useful (list.ussiolls. This work was supported by NASA U]I(lCY  the RTOPS

188-44-53  WI(1 352-02-03.
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APPENDIX A.

DATA REDUCTION AND VELOCITY <; A1,113RAT10N

The [0 1] and  [Si 11] olmcrvatims  were IImlc iIl F’cbruary  1986 zmd FebIw-

ary  1987, respcctivcly,  and the [0 1] line was rec)l.w:rvecl  in I kxmlhm  1990. The

lines were observed using the facility Cryogenic Grat illg Spectrmlleier (CGS,  I?rick-

Soll Ct al. 1984; 19W; 1995) 011 the 91 CI1l tclescop(’ of the K A O. ‘1’lIc imArumen-

ta] hew]] was cc!ntercd  on the 2.2 pIIl nuclczw peak loczited  at ( 1950 coordinates)

0 =- 9“ blr’~ 43s.5, 6 =-- 69(’ 55’ 01’” (Dictz et al. 1986) and ]lad a I~WTIIM  of’ 34” alId

44” for [Si ]]] a.IId  44” for tlLe 1987 [0 ]] obscrvat,ioll  (’1’able 3). q’11(  M82 [0 I] spmtra

fix-ml 1990 and 1986 agreed  well ill width an(l shape, and tile 1990 spectrum, while

of lowc’r  siglltil-tic)-llc)isc a]ld nlol.e coarsely sa.]llplcxl,  was useful ill fixing the wa.vc-

lcllgth  scale of the 1 9 8 6  diita. [1’hc 1990 data were iakml  with a 31” aperture  wlcl

a 73 km s– 1 (ld,cctor spacil]g. Ofkt guidin~ on nwrby I)rightl stars  aIld Imresight

uIlc.crtlaillties  yicl(led au rnls poi]ltiug error  of’ <5” durill~  eaclI olwrwdion,

Six CC: Ga (Ict(’ctors  wcxe  usd for Ihc filst ( 1 986) [0 1] 01 )sclwatioll,  and 13

Cc: S1) (Ictcc.tors  woe mscxl for tlIc second ( 1 990) [() 1] ol)scrvatli(}l)s.  ]+’or tjllc [Si 11]

ol)scmmtioll,  13 G(::I ICI (l~>l(ctors  were USC(1. 1]1 ciiclI case, tllc’ f’~111 lill(: wi(llll  frolll

MS2’s cc)l{frid  rc’,qioll (.Avw40(I 1{111  s- -1 ) is sufliciel)lly large  10 ,cquilc  tl,c use o f

lllultil~lc LJclit’llc  glatillg  s(~tftillgs  for covcragc  of’ tllle clllirc  line alI(l ]]citrl)y contfilluum.
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‘J’lle multiple olmxvaticms overkq)}md  iII wavckmgth,  ovcmmi]>]i]  lg the spectra by a

factmr of almut 2. ‘1’hc velocity resolution for each observatiolJ  is given in ‘J’able 3.

q’llc data were acquirml  while chopping with a 4’ tlm)w, orielltcd.  almlg  the galaxy’s

]Ili]lor  axis. Sequences of four 10 s intcgraticms  were taken,  with the source placed

altcrllatcly  in the left a)ld right beam. The  total  intcgraticm time for each line was

about! O1lC hour.

q’lle galaxy spectra were  corrcctcd  for tile rcsl mllsivity  diil~:rcllccs  alIloxlg  de-

tectors by divi(ling raw spectra of M82 by a spcctr~llll  of the 1<1, Ilebula  ill Orion

taken c!arlier  ill t,llc  flight  tit a nearby wa,vclellgth.  An .ddit,iollal correction for tile

diflkrmlccs  in (lctcc.tor  respomivitics  and filtcl  wld grtitillg  ciIicicllcies  at the slightly

diflering wavelengths used cm the 1{1, nebula and M 82 was rm]lmwd  using spectra of

a lal)oratory L)lackl)ody.  These later  corrections varie{l  smoot}l]y ;Icross  tllc passballd

anfl were ~lbti, for tllc [0 1] line wld S30% for tllc [Si 11] lillc;  tllcy are kILOWH  tO

s{)%.
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Tlircw  critc!ria  were uscxl ill dct,cm)inillg  tllc water COIUIIIII CIc})tlls ncccssary to

correct for a.tmwspllcric,  absorptiml.  First, we deterlllilled  a COIUII]II  depth of N8 l~]n

of pmcipitablc  wat,cr  towards 1{1, at a flight altitude of 39,000 feet I)y measuring the

spcct,rum of a telluric watc:l  Iillc ill absorption against tllc col]tillllu)ll cmlission  of the

nebula. We used this wduc to scale the cmtput  of the KA 0 aft zmlith  radiometer

(also cmrccting  for source clevatio]l). At 43,000 feet, the scxdcd radiomct,er  output

indicated a rapidly varying  colu]]]n  dcptll for tllc M82 <)l)scrwit,ioll  1 )ct,wcml  O and G ~flll

and at 45,000 feet it illdicatcx] about,  1 ~4111 of’ Hz(). Secondly, 1 11111  l]lore  water  was

rcqui rcd at, 43,000 feet t hall at 45,000 feet ill or(icr  t,luat  tlllc colltctcd  flux dmsi t ies

takml  at diflcmlt  altlit,udcs  be silllilar, Finally, we dc!tcmlincd tllc walm colulll)l  such

that {Illc final c.olltinuulll  flux dellsitjics  on tll( long \vavclcllgtlll  si(le of tllc lillc were

equal to tjllosc!  01) tllc snort wavclellgt]l  side, where tll( aJ)sorptliol)  correction is sIlmll.

All three criteria were IIICt l)y S3 //111 at 43,000 fed all(l ~2 /1111 of wtikv’ at! 4b,ooo  feet.

111 l“igllrc 1 t,llc data sets at two diflkmmt  a.ltitu(lcs lmvc lwcll  rcllorlllulized to nave tlllc’

sall]c c.olltilluulll  flux 011 tllc 1)111(~-slliftcd  si(lc of tllc lillc,  all(l tlllc:  atlllospllcric curves

have I)cc’11  IIorllmlizc(l  to pass tllrougll  this contliuumll,  to al]o~v ?i colllparisoll of tllc

colltillllulll al)sorl)t,ioll  o]] t llc reel-slliftcxl si(lc of tfllc line. 7’l]c vf.l;~tivcly  s]llall HzC)

l)llr(l(v] ill)l)lics  Cxtrclll(’ly (Iry stllatospllcric  ct)ll(litiolls,  oj)tillla]  ii)] this ol)sclvatioll.

Al)solute lIUX calil)rat,iolls  wcm ol)t,aillcxl  I)y IIlultiplyillp;  tllc rtttiocxl  sj)cc.tra

l)y tlJ(T  ii])])]c)])riiil,e  i]ux of’ 1{1, at 3L //111  wl(l  63 11111. ‘1’’11(:  colltilluulll  iluxes  {or
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1{14 were ol)tai]kcxl  frolll l’hic.kswl  ct al. ( 1981) allcl c.(jrrc’ctc(l  for al>crtluc dif~crcllccs

using a 26” FWIJM C,aussiwl H1OC1C1 source distribl~tion  for K],, as dcduccd  f r om

unpublished work of Wcrlltv (pcmonal c.ollllllllllic.atic)ll)  and hy our own obscrva,tiolls

in sevmal  di f~crcllt  apertures. I<’or  tllc 1986 [0 1] ol)scrvations, al]d tllc 1987 [Si 11]

observations, calibratiml spc!c.t,ra of 1{1, taken on two separate nights agreed to about

10YO.  ~Jllcertaillf,ic!s  in tllc 1{1, md M82 source:-lmam cxmplillg  ~llodcls raise the total

flux uncertainty to al~out 2L% for WIC1l lillc, and Callsc’ a total eurol’  of al)out  15% for

lil)e ratios. IJillc ratios  llILI’C  a lowcx error l)ccausc t,llc  lillcs sllal c a COI11I11O]1 sourc.c

distril)uiioll  MI(1 I]lo(lcl  ca l ibrator  spcctlrulli.

Absolute wavelel@lls  were detml~]illc(l  in a tlvo st,cl~  ploc(:ss.  }?irst,ly,  \rl,,$li

Dopl)lcr  corrcctiom  a]]d k]lown  illstruluental  ofl”scts  w(:rc  reIIIovcd f’IoIn tllc  {lat,a,  scc.-

oll(lly, olwawdtiolls  o f  [0 I]  in stmldard  ast,roIlolIlical  sourcx:s  wer(’  used  t o  diulillatc

clrors  ill ltil)c)rat,c)r}  r-(lc!tc:l.lllil  lc:(l wavelcllgtll  ctilil)rat,ioll. ‘1’hc [Si 11] olmrvations  were

calilmtitcxl  ill t h i s  I]IaIIIICr itnd yiddd zil)solutc  wavclcqlgtlls  acc.llrat,c  t,o 20 kill s .– 1

‘1’llc [() 1] lillc vclocitjy  was calil)ratcxl  using the 1990 SC)IIICC lillc I )ro~ilc  aIId wavclcllgtll

c:ilil)rators  (Orion 1{1,,  IC 418, NGC 40) fro]]] tllc 19!)0 c~l)scl~~t~tiol)s. Accurate wavc-

lcllgtll  (lctjclllliIl{ii,ic)ll  for tllc [0 1 ]  lillc was also  acllicid  witllil]  20 1{111 s-  1.
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APPENDIX B

PDR,  MODELING OF ENSEMBLES OF CLOUDS IN

GALACTIC NUCLEI

111 tllc WTII  lIlodcl of tile  xlucleus  o f  a  g a l a x y ,  NC]  idcntid,  neutral,  spllericd

clouds arc pmscnt in the beam, each with a radius ICI and an illciflmt,  external FUV

flux giwvl l)y Go, ill units of 1.6X 10--3 ergs  CJ]L –2 s -  ]  (Hal.)iIlg 1968).  ‘1’hcse Clou(ls

clllit [C 11] IG8 11111, [0 1] G3 ~1111,  145jlnk,  alld [Si 11] 35 ~lm line el]lissioll,  as well as IR

grain c.olltilluulll  frolll  tl]c warlll, atmnic,  1<’UV illunliuatcxl  outcx layers (characterized

by all average gas t,enlpcrat  urc ‘J’a all{l  a llycllogen  I Iucleus  dwlsity  IIa).  ‘J’lley  also

cnlit  12~0  ,1 L 1 –+ O frcml  c.cmlc!r  layers solllewllat  deeper illto  {Ille clouds, as C+

ulldmgocs a trallsitiml  to CO ill tllc: }+’UV-shi(:l&d  rcf~iolls. ‘J’llc area  fillillg  factor of

INc]m:] ,
(/),, >--- .Al{ (1]1)
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T O  1)1OCXW1  to tllc fi]lal step  of determi]lillg  ICI aILd  NC ], furt]lcr assulnptiom

arc! Ilm.cssa,r,y. WC assmllc that the moleculm gas exists in idmltical  spherical cores

of tllcsc clouds, a]ld tlmt the ratio of tile mo]ccular lIydrogcIl  clmlsity of the core to

tflIC atmlic  surface dcllsity is given Ly

Note  that the! a.ssul]ll>tioll  of’ ]llolccular cores is ~~l~liviil(~llt  to assulllillg  tlmt Al)>  10

tlmmgh tllc clouds in rcgiom  with high FIJV fluxes (’1’11).  Using Ikluations (Ill) and

(112), wc obtai*~

16 m]]$ha~]$lmfi
~cl,. —-.

9 n(hfa  + M,,,/(271))2 ‘
(1)3)

3 (Ma + M,,,/(2?/)1
‘c] ‘-” 4 ‘“ Ill]plad)afm’  ‘

(D4)

wllcrc u1ll is tile Illass  of’ tllc llydrogcm  a,tom.  With tl)c Cxcel)tioll  of ?/, all paralnct(!rs

011 the right lIWI(l  si{lc of tllc cquatio]ls arc collstalltls or l]ave 1 )ccll (lcrivml  frolll

ol)scrvatliolu+. Mo]cculal’  (e.g., CO .1 ~- 1-O) or dust ol.mrvatiolus  l)rovidc M,,,; such

clctlcrlllilltitic)lls  of Ml,,  have large error bars kause of Illlc.cltlailltit:s  ill (lust opacities

in tjllc’  Fllt.  au(l ill t,he ccmversicnl  of mokndar  lint lmllillosilif.’s  to IIz m a s s e s  in

galactfi c IIuc.lci. Note  tlla{,  if M1,)/(2T~)>  Ma, the cfrc(:t  of errors ill Ml,, aIId/or  71 is

large, especially ill (Iclivi)lg NC], which is sensitive  to tllc valuc~ of l,llcwc as WC1l M

tlIc l)llysical  IJaIaIIICt  CIS 11:,, M:,, ~Ja, tind 1). IIlsigll{  into  lkluatims  (113)  LilI(l  (114)

Ilulllcrolls  sllla]l c1oI1(1s.  IJ(ws o})vious  in {Illc (I<lual,iolls is tlllc fact, illat  it is tllc  ratio
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of’ at,m]ic  1]1:{ss to molecular mass which helps to fix NC, ] and rcl: sillc.e  tllc atolllic

lllass is proportiolla,l  to the sulfacc  area  of’ tllc clo{tds  and tllc xllolccula,r  IIIaSS i s

proportional to tllc volu]]le, this ratio illcm

clouds when the total ]lNMS is lcept  fixcxl.

If the clouds are in thermal pressure

,scs wit]l illcrctisi118  Ilumlmrs  of smzdlcr

)alwlce,  ?) is about ‘J’(J /q’r, L, the ratio of

the surface tullperaturc  to the t,cmperat,ure  ill the ] uolecular  cole. The high FUV

fields ill galactic nuc.lci  (GO 2103, cf. Crawfcml  et al. 1985) result ill surf%cc tcmper-

atlums T(l w 300 K (’TH, HTT),  and, assuming q’~,l f--’ 301<, tllcl”lllal balance would

suggest q w 10. C;rti,vit,atiol  ltilly  lX)UIIC1  C,1OUC1S could Icsult ill cvc II lligllcx values of q.

IIowcIvcr,  olmcrvat,iolls  of t,llc C)riou  PI)]<,,  for exaIIlplt  (Crawfbr(l et al 1986, Ilorciko,

IIctz & X]lluidzinas  1988), show the lillcwidtlls of t}Ic [C II] 15811111, [()

CO ,J= - 1 + O lines arc supcrthcrmal  and tit)  km s- 1, TIIUS,  t,llcrIIIal

I] 63 /fIll, MI(1

plcssulws  me

llegligil)lc  and t,url)ulmltj  pressures dolllilmfc  ill tllc outlcr  rc~io]ls,  ti]l(l  possil)ly ill tllc

cores  as well. 111 such c.ascs,  the gas dcllsity lIIay bc al]llroxilll:il(lJ  c.ollst,alll  (?)=. 1 ).

111 tllc! lilllit, of a IIigll (lmlsit,y  c.olll,rast  or low  IUOICCU]W  *IIaSS, M,,,/(27~)<<  Ma) tll~

so]ut,  iol] fen. ICI ~~,11{1 NTUI  as~~]llj~t,ot,cs  to a lllilliIl]uIll vt~jllc  fbr ICI [iII(] a llla,xillluIll  v a l u e

for NTC1 ;is tllc Illolecular colc  sllrillks  to illsigllific.allt  size.

4  -;*;‘1’lIc’ volIIIIIc  fillill~ factor ~~(, o{tlle clouds, assllItlillg a spllcliciil voluIIIc XT ,] I

37i + (NTa -1 M,,,/(2//)
~,,, (I]L)

41111]  11J)W “

lf, as is tile case 11 M82, Illost, of t,llc  I)ololll(tlic  lulllillosi  y ill tlIc 1)(.’aIlI  i s
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frOIII grain IR, coll{,illuum,  thul  wc CaII cdcultitc  aII “;ivcrag(>  FIJIT flux” ~~A\r ill t]lc

Sample(l  Volulllc of tllc galaxy,

fI,lltGA,, z - - -  - - - - - - - - - - - - - - - -  – - - —
A1)(l.  G X 10-3 ergs C111”-2S-1)  ‘

(1)6)

whmc f% O.L is tllc frac.tioll  of the illc.idmt  radiatiml  which lies ill the FUV balltl

and tllc factor in parcmtllcsis  is the standard unit of flux, q’he derived Go cm then

k! Ccmlpal-d  with ~A\I . If G() iS ~O@ly  CqUd b <;A\I, it COU1(l iIl(]iCLitC!  t]l?it  tllC?

illmllinatcd clouds arc rmldomly distributed ill our hull vo]ul]ic a.]ld there is no

spatial  Corrdat,ioll  Ijct,w(:(:ll  t]lc illuI1liIlati)lg SOUIC,CS tiIl(l tlIC c,]ou(ls,  Alt,(\rlla,tivcly,

it could illdicat,c  a cx~lltral  k’UV source , and t,hc illuminated clouds are randwllly

(listributcxl  ill t,l]c I)cwll,  or at, least, lic llcar tlllc outer edges of tile 1 JcaIII.  1 lowcvcr,  if”

GO> >GA\~,  tllell,  for exmllplc, tllc illmninatil)g stars  arc corrc!latl(xl  wiilll tfhc clouds,

01 tlhc stars all(l c.lou(ls  find tllclllsclvcs ill a relatively snmll  portiol] of the Ixmll (SCC

Wrl’l]).
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APPENDIX C

DETERMINING THE MOLECULAR M A S S

!I’l]c total  ]Ilolccular colltcnt of the cmltral rcgit m of M82 II:is provml  dif[icult  to

lllcasum.  l’ktilllat,cs  of total Illolccular lIMss span two orders  of Illagllit udc from 1 x 107

(I,oiscau ct d. 1990) to N 1  x  109  ME) (e.g., Ca.rlstlolll  1988).  ())Ic ICWWI1  for t,llis

sitmticm is that,  1 ‘C() ,J: -1-0 emission alcmc is llot a Icliable tract] of molcc.ulti,r  mass

ill tlhis rcgim. This lXXWMICS  aplmxmt frcml  the fact that tllc ‘(standard cmlvcrsion))

for ‘PC() ,JL1 -O to Ml,, (e.g. You Ilg & Sc.ovillc  1984), wllicll  assul]lts  t,l)at  12C0 ,J=.  1-(I

is Optically thick,  give’s a II JOlwular gas IIlass equal tO iflIC> (Iynall]ic[il  ( stars-{ gas) ]]l:t.ss

estilllatcxl  frolll  tllc rota.t,  io]l vclocii,y  (NIL- 109 M(;) for \rCirC  : I?L 1{111 S-  ‘ ,  1<: 3 7 5

]K, aII(l ]~():-6000  ,Jy km s- 1, C?irlstrolll  1988), ‘J’his is all ul]likcl~’  IJrc)positioll,  sillcc

tllc c.c)ltral  rcgio]l  is I<ILOW]I  to ]]avc a nigh d(:llsitly  slcllar l)oplll;ifioll (’I’CICSCW  et al.

19!31,  l{iCli(: Ct t~l. 1980).

‘1’l]c  sttiII(liiI(l  rollv~:]siol]  is (Icrivr(l f]ulll W] cvllpiricwl  cc)]rclai,ic)ll  Ol)sclve(l

ill IIl[)l(ullar  Clou(ls,  all(l (..a]l l)C cxplaillc(l I)y a  IJ1{)(lc1 ill wl]icl] t,l]~’  lillc Wi(l{,ll  i s

give]] l )%  tl]c viri~il vc’]ocit’y MI(~ {,1](  ~[~ ,J: j -0 is ol)tict~ll~  i,]lic]i ~vi~,ll  “]’[,X , 10 ]<

(c.q.  l>icl<l)lii*~ , Sl]cll, &, Scliloc]l)  1986).  ‘J’l)c stal)(lar(l  Collvflsioll  is ill:tl>])lc)l~lizitc

for IL’T82 I)cciills( tll{ assllllll~{iol)  Il]at,  M82 ]]loleculm C1OU(IS  1(.wIIJ1)I(:  IL’Jill:j’  l\Tay

Illolccular  dou(ls  ((’g. ‘I’, ,U IO 1{) is Not,  Illet (as ,.list.ussc(l l)y M:ilolley  & IIlack

1988). ‘1’ll(? ])llysica] col)(lit,iolls  ill illc cmlt]al  rcgi(,ll of M82 a] ( CX{,ICIJIC, wit,ll  a
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hig]l frequency of supcnlowie,  st,ro]lg  lJV fluxes, a]ld regiolls  of hi~;ll  (II> 10h C.In-3)

molcmlar  clellsity  alId excitation temperature (40 1{ ). ‘1’hc?  hi$;ll  nJolccular  gas telllper-

ature a]ld dellsitics arc iuferrcd from observations of CS, HChT, aIJd high J-level Co

transiticms  (Ctwlstrcml  1 988). Several authors have argued that Ijllc bulk of tile CO

emission must be optically ihin Imause  the observed ratio of brigh{lless tenlperatures

7’b[CO(.J  =- 2 – 1 )]/7~[C0(.J  = 1 --- O)] is greater than one. ‘1’his model is not rolmst,

siuce optically tllixl CO would ha.vc difficult~’  surviving rapid  p])ot,odissociation in

such an c:llvir~)lllllc:llt,. IIowcvex,  collversicms using optically thin CO distributions

were used to llIakc (1OWCV  lilllit)  II101W,U1W  Inass estil]]ates  fol tile ccn]tral  region ( e.g.

Ijoiscau  ct al. 1 990).

Allotllcr  clisquictil)g  feature of tile J=- 1-0 an(l ,J=.-2-I  C() ]llaps is that they

S11OW a, solllcwllat diff’crellt  spatial distril)utioll #
/ ’
of gas tllall tllc distril)utlioxl  of dust \,,A

olxwrvcd  ill t,l]e  sill.)]llilli]llc?tcr, ‘J’llere  wc tllrec  C() (J= 1-0) ]naxi]lla  s e e n  ill tile

illt,c’rfcrc)]llc:tel.  l]laps (Carlstrolll  1988; Sllml & 1,0 199L) spamlillg 2b- -30”, wllilc tile

sul)lllillilllctcr IIlaps (Jafl”c et, al< 1984,  400 j~]ll;  MI(1 Slllitll  et al. 1990, 450 11111)

SIIOW ii, si]]glc,  IIIOIC  c,c]lt,  cre(l  elllissioll  rcgioll. ‘1’llc rcccxltl  4[)0 111111. m]ltiuuuI]l IIIap

Of IIllgllcs,  Gear Wl(l 1{01)s011  ( 1995) snows two peaks, scqmrate(l  I)y 1 5“ I)ut, situated

s},~l~ll~et,ri~,~,]l},  ~~lo~lll~~  t,]l~ 2.2 ~{]11 ~(.]lt,~l  Wit,l]  tll~.  ~l~)lt]l~~~,si,elll  j)~i~l<  loc.a,tc(l  illsi(lc

o f  tllc I’Y2 p(’iik  S(’(:11  l)y Sllcvl  WI(1  1 , 0 .
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,J=--2-l, ,J=.l-O, C1Soa,11(lC170,  J: 2-l, JICNJ-3-2,1113CNJ  l-OaI]dI ICO+-J==3-2

enlissicm  ill tile cclltral rc~ic)ll  of M 8 2 .  St,rollg  cvic]cxlcc:  tlla,t,  t,l]t:  12C0 elnissioll  is

generally optically thick i~l all tramitimls CCJ]llCS  fr(~lll  the illlellsity ratio of 12C0

.J=2-1 to G]80 ,JG-2-1 cmlission,  which is found to I)c 25 to 43 <Lcross  the llucleus,

160/]80  alJuIldancc  ral,io,  500, would l)c expcc,tcd  forwllcreas  a ratio eqlud to the

optically thin enlissioll.

Wild ct al. (1 992) used scvcm observed lilw mtios to constrain the total  CO

colul]l]i (Iellsity,  tllc IJIolccular  VOIUIIIC density)  aIId 1 ILc gas killct,  ic telllpcrature,  to

dcl’]  V(’ a 11101(! acclllat  c t Ot d ]llass. The line ratios were nlodclcd  using a non-I,Tl?

1
ra(liat,ivc  t,rwlsfc:r  code, illcludill.g  C,lulnpillms  MLC1  01 )acit,y  dcl)cll(lcllt fillillg  factors

(Icvlsity  nl,, of almut 1 x 104 cm-  3 and a killc{ic tellll )cratul-c of’ al)out  45 1{, with as

‘1’11~ lll;iSS  p~ZdiS ;il)Ollt  L“ to {Il]c soutfllwcsi  of t,llc ct:llt,er,  l)llt ii, falls ofr ill (1[’llsity

OVc’r  30” ,  fal]illg of]’ slowly 10 tll)c Ilort,llcast.  q’llc d(’rivml  ]llt~ss  (Iistril)ut,ioll  is also



(see $3), a
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Lot bccausc  they arc optically thin. IJikewise  tile smaller cloud size

12(;~  J,~l.()  trallsitiollLd highc!r kinetic tcmpcmturc  and density cause tlie

to display a relat  ivc depression bet wccn t hc two lobes as ccnllpamd  with t lle more

lichj like the mass, is strwlgly peaked  toward theoptically Ihill isotopic. trallsiticms  w

Celltcx’.
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I,inc

131-(Y (4.1 pm)

[Nc ][] (13 pm)~’

[s 111] (19 /(111)

[s Ill] (33 pm)

[Si II] (35 ~ln])

[0 111] (52 //1,1)

[N ]]]] (G7 pm)

[01] (G3 pm)

[0 111] (88 pm)

-47-

‘TZd)le 1
M82  IVTicl-  aIId l“ar-I1lfrm-cd  Li MC Olxscrvatiolls

cont. l-c
(Jy)

0.8

. . 0 . 8

68 0.6

556 0.3

487 0.3

1207 0,19

1269 0.17

1254 0.15

1.089 0.11

0.05

0.04

0.04

0.02

0.00

1 ,inc Flux(’ Num. of
(10-’ 1 erg cnl-2s”  “’) Positio*ls

3.6 13 ‘-

‘Ref.

28+8 13

25 4

9.5+3.1 1

15.7+ 1.9 1

13.543.3 1

10.4+ 0.8 1
8.2+2.5 1

4.3+0.4 1

15.243.7 1
18.3-5,4 1
19.+6 1

9.0+0.J 1
11.,{ 6 3

2.9(+  0.9)(-- 0.6) 1

0.84+0.24 1

14+4.2 5X5

0,71:1 ”0.12 3

[N II] (122 ~m)

[() 1] (146 p,)

[C ]]] (1L8 pm)

[N  ]]] (20L ,m)

[C 1] (609 jm)
——

1

1

2

3

3

4

5
6

5

4
G
7

5
6

8

(i

6,9

8

10

to ol)tttil]  tllc c(:]]lral IIIIX  ill a 30” x20” re~;ioll, allfl  111[’ ullc.orlt’ctcd  flux is al)outf half
IIIC valur lxq)ort,c(l  l)y Gillctt et al. 1975. “All lill(’ ilu~flltiv(: l) V(!I1 Colrcct,c(l  for .,’$

Cxlillctioll  I)y I1lc factor cxp(~-))  wllcrc T has I)ecll  (lrawn frolll tl]c fo]lowilq+  (lust, II Iodds,
using A,, : 2J I]M~ (l IIIxlfy  1 9 9 1 ;  Mc1,(w1  (d ii]. ] ~!xj).  ]k)l’  ~ < 1 8  //111 W-USC t]]c’  (lust
I]]o(lcIs of IJrail)c  S’. IJcc (] g8zl) w](l A(kims d al. ( 19S8) [iVC’1’il~,C(];  for ] 8 MI(1 33 ~1111,

\v(: 11s(’  I1011C1{ et, al. (19s4)  all(] llu’i,cv’  et! ii]. ( 1981 ); for 34  /)7//111 1!(.’ llse {IIC X ]
cll)issivity  lttw a s  l)CI l)ilf)’y  et al. (1987); aII(l for , \  >  C)Z ~(111  Jv(> IISC’ {lIC  m)lissivity  l a w

of’ X 1 [’ [IS I)CV IIIC ICSII1lS  of I<lvill e{ al. ( 1988). l{cf’[vcl]ccs:  ( 1 ) IIcck ct al. (1978);
(2) Ac.lltcr~l~a,,*,  & I,acy; (3) IIouc.k  d al. (1!)84); (4) ‘1’l,is wo]k; (5) l)ufly  et al. (1987);
(6) lJU~tVll (’t Ii]. (1986) ;  (7)  lViitSOll  Ct iii. (1984); (8) l) ClllCht)lVSlii  Cl Zil.  (1 994);
(9) Stliccy  ,{ a], (1991); (10) Schilkc  (t al. (1993),
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~’zd)l(:  2

OtlLcr  Obscrvatiom  of M 82’s Central 1 )isk

. .
lbr-l]lfrarcxl  (hllti~luu]rl I,l,\l}t = 3 X 1 0 10 1,(,) 1

CO(J  : - 1 - - 0 ,  <1=-2–1) M(llz)  : 1 x lox M(.) 2
Multip]c  Millilnetcr  ‘1’r.msitiom M(112)= 1 .8x 108 MO 3

11 I Akorptio~] M(1] 1) = 1.2 x 107 m’(.) 4_— --- _.— _

I{cfclcnccs:

H

1 Tclc!sc.o  & ~~a.rpcr  (1980).
2 Carlstlom  ( 1988).
3 FfTild  ct al. (1992).
4 Wcliacllcw  ct al. (1 984).

Tal)lc  3

[() 1] mld [Si II] I,i*lc Paramct,crs

— .—

I,illc 11 I  ‘DW Rcsoluticm  Co]ltinuml]  I,inc l“lux{’ Intmlsity b I,uminosity

[01] 6 3 . 1 8 4  PI 44”  10G k m  S -] 1254+26C  J v 13.14 0.2C 13,4+0.2(’  5 . 4 1 0 7 1 , 0
[ S i  II] 34.814 ~m 3 4 ”  8 1  lHH s--l 487+ IOlc .l~r 10.9 + 0.3C 11.1+ 0.3’i 4 , 5 1 0 7  I,@)
[Si 11] 34.814 ~(nl 44” 104 ]Hn s--~ 12.’ 4.9107 IJQ]

*JJillc  F’lux is ill mlits of 10- - 1] erg C. III--z s- ‘1 with ]10 CX1 illc.lioll  corrections applid.
“llltcvlsity  is in units of 10–3 crg C. Ill-  2 

S–l SI-”]
“]’llWC akc st,atistjc:i,l  CITOrS  excluding  systlt~lllatlic  cdil)ratioll  crrwrs.
“rl’llcsc  values arc c.olllplltd  assulllillg  tile [() 1] m](l  [Si 11] cll]issioll  is ulliforlll  over a
30” x 14” iuwa (9.8 x 10-”9 stcradims).  ID ac.tualiij,  t,hc clllitti]lg rcgicnls arc prol)al)l-y
SIIIidlCr  w1(l t,llcsc  illt,c]isilics  arc lower lilllits (see t cxt).
“’J1llC lillc flux error  and colltilluuul lcve] wf]e  IIot ]l]easulcx 1, 1 )llt arc! Colllpalal)l(>  to t!llc!
3411, llcaslll(’l  llcvlt!,
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‘.l’al)lc  4
Gaussian Fit Results

_—— _

Regiml Pam n(!t (:1 [~) ]] 63 pl [~i ]1] 35 p [C 11]”158  ~fIll”

Northeast . . . . I,iuc }4’lux ( 10-11 crg c.m--zs-”1  ) :).94-O.’?* 4.4+1.3
v],,$l~  (km S--])
l~WIIM (kill S“”-l )

Soutllwcst . . . . IJinc Flux

Vl)sli
l“WHM

~’otal  . . . . . . . ..o.  l,inc Flux
N (data points)
Rcducxxl  ~~
Colltilluul)l Flux (.Jy)

—.

3254.8
173+21

‘/.2+ 0.6
148:t”5
145<”8

13.1+ 0.2
42
2.3

1254+26
.-

“Using  [C II] 158 /iII1 line profile frcml CrawfOrcl ct al. (1985)

307+21
180337

(i.b+ 1.2
130411
176+21

10.9:1-0.3
36
3.0

487+101

4.3+0.9
.

9.9+2.0

14.2+ 3.0
19
1.4

OTllC error  t,c!r]lls  were obta,illctl  by fitting ifo Illall\’  data sctfs,  lvhcre tllc  diffmxmt
sets  were IJrmluccxl  l)y varying ill(lividual  data po~llts  accorcli)]g  to tllcir  st,atistica”
Illlcc:rtltilltlics.
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Tzil )lC b

PDR Pmalllete]s
. .. ———  —
MO(ICI Area I,og (II) J#og (Go) Ma(M~)) da (~/[ )modcl (#/] )(Ls. (Sill)  #,$& I’IIL
—. —..

1 ‘1’otal 3.9 3.0 3 . 2 x  1 07 4.0 63

2 Norllicast) 3 . 9 3.4 9.6 x lo~ 2.0 58
2 Southwest 3.9 2.9 2.0 x 107 6.3 70

3 Norlhw+t 3.9 3.4 9.6 X 106 6.6 58
3 Soutllwcst  3 . 9 2.9 2.0 x 107 21 70

cloud  Parallld(’1’s

Model lkgioll Sin (sr) NC] rd (PC) McI M ~
— —.

1 ‘J’ot al 9 . 9 x  ]0–9 3,3x  105  0 . 6 545 3 . 2 x 1 07

2 Norltlcasl  d.gx]o–<)  3 . 3 x 1 04 1.0 3030 9.6x 106
2 Soutllwcsll  4.9 X1 O- ‘) 5.0XI05 0.4 220 2.0XI07

3 Nortllcast  I .5x10-”:) 3 . 3 x 1 04  1 . 0 3030 9.6x106
3 s o u t h w e s t  1.5xl o--f) 5.0 XI05 0.4 220 2.0 XI07

1.? 52 9.3xlo–~

1 .:+ 44 5.lxlo–~
1.1 63 4.2x10–8

1 .:{ 44 5.1 XIO–8
1.1 63 4.2x10–8

M,,,

1.8 X1(F
9,0 X]07

9. OX1O7

9.0X107

9. OX1O7

M total ‘I’a  (1{) ~t, r~)l (pc)

1“.8xlo~ 230 0.013 0.5

l.oxlo~ 240 0.015 0.8
l,lxlo~ 220 0.021 0.3

l.oxlo~ 240 0.09 0.8
l.lxlo~ 220 0.13 0.3
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FIGURE CA. Prl’IONS
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Figm-c  1: g’hc 63.184 pnl 31)1 +3 P2 transition of [0 ]] in M82 is SI1OWII before correction

for absorption ill the earth’s atmosphere. Data take]l  at 41,000 feet are plotted

with open circles a]ld data taken at 45,000 feet arc plotted with filled circles.

The lower four curves represmlt  IIiodc]s  of tllc ullcorrcctc(l  coIltilluunl  flux as

seen at an altitude of 45,000 feet sul)jcct  to atxlmspllcric  alxsorptiono  ‘J’llc curves

from top to bottom  corrcspwld  to 1, 3, 5, Imd 1011111 of prccipital)lc  water alcmg

tlw line of sight.

}“igurc 2: A  colllparisoli  is maclc of tllc colrcctcd [0 ]] 63 ~~111  aII(l  [Si II] 35 IJII1 p r o f i l e s ,

sllowi]lg  tile vclocit.y  p e a k  a t  w 145 1(II1  s - 1 – 1and t h e  shoulder  at w320  kIIl  S  .

l’igum 3: Ol)scrvations of 11 transit  icnls  are SIIOWI1  alol]g Ivitll  tllc predictions usillg

the l]lo(le]s  of l{ul)iu (198L), for a c.ollcc.ti(~ll of 6 x 104 11 11 rq+ioIIs  witlll  clcctro]l

(lcnsity  71c = 190  clll- 3 . The  I,ymali  colltilluulll  lulllinosity  of the c e n t r a l  star  ill

e a c h  rcgioll  is takcm  as 104$’  s- -1 , in order to to IIlatcll tllc total ljy]llall contil)uum

output, (Ickvvllind fr(nkl  the thermal riidio  clllissioll  (Carlstroul 1 988). ‘1’l]c I]rct

WI(1 [NTC  11] flues required large (xtlillc.tlitm corrcct, ions,  as l)cr Tal)lc  1 .  2’llC’

OIWC]”VU1 [Si I 1] all(l [C 11] illlxcs olr(’rsllwt  tl)c  ])l”c(lict  iOIIs. ‘1’llis ill(licatcs  that

[Cl]] HIWC likely origimtcs  ill 1’1)1{ rt:gio,,s  outfsidc  tl,( 11 II Icgiolls, llowcvcr,

tll( l]lodd  [Sil I] ilux is low l.)ccausc  of the adopt(xl fys plliiw silicol] al)uII(laIIcc

ill tl]c 11 11 rc~iou II Io(lcl (see  tlcxt).
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Figure 4: a) Spatial [list lil Jutioll of the c.culrzd  cnlissic)ll ill h482 (ttdapt)ml  flw]ll  Tclcwco

(!t al. 1991 ) .  111 tllc k!ft  panel, t o p  to botloll”l: t h e  6 Clll Illap of Krolll)cl’g et

al. (1985)  showing discrete SNRS at 0“.34 resolution; tl]e CO (J L1- O) map of

Sllcll all(l 1,0 ( 1995) at 2“ .G resolution; aILcl the H 1 op:tcity  map of Weliac.hew

ct al. ( 1984) at 3“.8 x 6“ resolution. 111 tile right lmmcl,  frcm]  top to bottom:

a sellcxllatic  adapted from Maucrsbcrgcx & IImkcl  ( 1991 ) sl]owing  tile CS and

other trac.ms  of (lense  molecular gas found in cxtlendcxl  ]]ot spots; the 30 11111

dist)ributjiml  of ‘J’clc!sco et al. (1991) at 5“ ‘) {’solution; till(l tllc 40 pln continuum

clllissioll  ill solid contours from Joy ct al. (1987) froll]  tllcir  ‘1’al)le  2 a]ld Figure 9.

g’llc (Iasllcfl lillcs am tllc I ICY isovelocity co] Lt,ours  of 11 eCli;itllorll  ( 1972) m]lning

13L  lilll  S-  1 in tfhC SOUthWC!St  tO 3  lb lilll  S- ] in tile nortllcwst  l~y iIlc.rcmcuts  o f

30 IiIll  S- ]. ‘]’hc solid eirclc~shoy,thc  44” ljcam uml to IIlakc the [0 ]] obscrva-

tliolls,  ‘1’llc iillcd circles arc the inferred  loct~tion  of tlllc ILotl spots producing the

[() 1] mid [Si 11] cullission (see text).
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lillc profiles (right, COIUMI]I). Tl]e mnissiwl  distriljutiolls arc: (a) tllc 12.4 l~m

distribution (q’elcsco & Gma.ri  1992);  (1)) the 40 ~lm distribution (Joy et al.

1987); the 3.3 nlIn contilluulll (Carlslro]]l & I{ronlmg 1 991); (c) the C() emission

(Shc!n & I,o lfl~b); and two versions  of ihe ~~ilobal ]IICMIC1  for the [~ 1] m~d [Si II]

cmissicm prcsentml  ill the text: (i) 8“ hot spots; and (k) 2“ hot spots. 111

paIIcls  (~) a,]ld (k.) wc also S11OW tile obscrv~d  [0 1] lillc profile with a dashed line

for compariso]l. To l~roducc the syntlleti( line pmfilcs, wc have used the IIa

velocity field of (Ileckatllorn 1972) and thf: velocity dislmsion  at each location

nicasured frwll ]Najol axis CO lllc:tisllrclllcllts  (Carlstrol]]  1988). ‘1’hc result ing

“line profiles” “1)1 b,d, fj all(l h all rtwvlll)ltt  a siuglc pcwkml  Gaussian, and are

dissilllilar  t o  t,lle olxM>r\~cLl  [{) 1] MI(1 [Si 11] profi]cs. ‘1’11(!  dud llot!-s])ot Illo(ld

replic.atcs  tile obscrvccl fillc strut.tmc lJrofilcs  witl) tllc 1) IW11OUILC,CX1 320 kln s--1
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